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ABSTRACT
The variab ility  of the yield of the intracellular enzyme cytochrome P-450  
in Saccharomyces cerevisiae  NCYC 754, in closed batch fermentation using a 
5 -litre  computer-controlled stirred-tank fermenter, was investigated using 
two control strategies:
a) Conventional constant set-point control, using previously determined 
optimal control parameters;
b) tim e-profiled control of three fermenter control parameters, pH, 
temperature and s tirre r speed varied w ith time according to
pre-calculated profiles, computed from  a single empirical model
using Pontryagin’s continuous maximum principle.
Cytochrome P-450 was assayed using the reduced carbon monoxide
spectrophotometric procedure. The sample treatm ent and carbon monoxide 
gassing rate having been optimised before.
The accuracy of the ferm enter control variables was assessed. The sum of 
the squared differences (SSD) between the set and actual control values was 
used. The values of the SSD were related to the enzyme yield. I t  was found 
that the enzyme yield was strongly affected by the accuracy of the control, 
as expected in a near optimal system. I t  was noted that inaccurate control 
always gave low enzyme yields, while accurate control gave a range of
enzyme yields. I t  was concluded that yield variab ility  was caused by more 
than one factor, including the accuracy of control, but that the accuracy 
of control was overriding. I t  was found that the accuracy of control of the 
individual variables depended on the control strategy used. I t  was 
concluded that this provides a useful practical method of assessing
operational control efficiency, as opposed to analysis of individual 
control loops, in analysing process efficiency. Analysis of batch to batch 
variation in components of the complex growth-medium showed that the enzyme 
yield was affected. Changes in the batch of yeast extract were found to 
have most e ffect on the enzyme yield, mycological peptone less so and the 
glucose and salt virtually none at all. I t  was concluded that the saving in 
cost of growth medium, by partia lly  replacing mycological peptone w ith  
yeast extract, may be offset by the costs arising from  the resulting 
greater variability  in yield. The effect on enzyme yield of the method of
sterilising the growth medium indicated that the complex medium contained 
m aterial which inhibited enzyme production. This m aterial was believed to 
affec t the rheology and the m ass-transfer properties of the growth-medium.
Analysis of the time interval between the occurrence of the biomass and the 
enzyme concentration peaks during the fermentation showed that, in this
system, the biomass peak always preceded the enzyme peak. In "slower" 
fermentations the time interval was smaller. This also explained an
apparent discrepancy in behaviour between shake-flask and stirred-tank  
fermentations. In general, the time interval was slightly shorter under 
tim e-pro file  control than w ith set-point control fermentations. Exhaust gas 
analysis data showed that the maximum carbon dioxide concentration occurred 
at the same time as the minimum oxygen concentration. The turning point 
consistently preceded the enzyme concentration peak by a v irtually  constant 
time interval, this time interval was found to be 69 minutes under 
set-point control and 56 minutes under tim e-profiled control. This is 
potentially valuable in enabling the occurrence of the peak enzyme
concentration to be predicted accurately, w ith consequent saving in process 
time and enzyme yield.
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NOMENCLATURE
All of the equations in this document have explanatory notes w ith respect 
to the nomenclature used.
The term "cytochrome P-450" is commonly used as a collective name fo r a 
group of monooxygenase enzymes whose reduced carbon monoxide difference 
spectra have Soret peaks near 450nm. The term cytochrome P-450 w ill be used 
as the collective name unless otherwise specified in the text.
The abbreviation NCYC refers to the National Collection of Yeast Cultures. 
The number following the abbreviation NCYC defines the strain of yeast 
used.
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CHAPTER 1 
GENERAL INTRODUCTION
II
In troduction
Recently the fie ld  of biotechnology has grown extensively. Many areas of 
fermentation which were seen as individual fields have now been 
incorporated under the biotechnology umbrella. The advance in the 
understanding of the standard brewing techniques have led to improved 
yields in the production of ethanol and in yeast biomass.
With the development of genetically engineered organisms these yields have 
improved even fu rther. Many other ways of improving yields have also been 
investigated, in this project the use of optimum ferm enter control systems 
and the use of d iffe ren t formulations of medium has been investigated. This 
project concentrates on the use of a d ifferen t type of control strategy 
that changes the values of the controlled variables w ith  respect to time. 
Many workers in this area have predicted large improvements in the yields, 
from  the experiments before the new control strategy was implemented.
In the fie ld  of cytochrome P-450 production, there has been much research 
into sources of the cytochrome P-450. Substantial amounts have been found 
in mammalian liver, insects, plants and microorganisms. The investigation 
of the cytochrome P-450 in microorganisms coupled w ith  latest techniques in 
genetic engineering has led to the ability to engineer the gene, fo r the 
human cytochrome P-450, into yeast.
I f  projects are to produce large quantities of the human cytochrome P-450 
successfully fo r commercial purposes, work must be carried out on the 
un-genetically engineered yeast. Once it is possible to ensure that these 
organisms can produce as much cytochrome P-450 as possible, the knowledge 
from  these projects w ill lay the foundation fo r producing useful forms of 
cytochrome P-450 fo r medical and agro-chemical purposes.
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To make a project financially successful the use of cheap feedstocks, to 
obtain as great a concentration of these enzymes as possible, must be 
investigated. However, the use of cheap feedstocks usually means using a 
complex medium such as yeast extract, corn steep liquor and various peptone 
formulations. The most notable problems with these products are the changes 
that occur during their manufacture, giving a substantial change in the 
yield of the products. This has been attributed to changes in the 
concentrations of the minor components, of these complex medium 
f  ormulations.
I t  is therefore important to investigate, along w ith the optimum control 
strategies, the effects of changes in the medium formulations that usually 
occur when the batch of the medium is changed. I t  can also be expected that 
the control strategy w ill play an important role in avoiding certain types 
of variation present in the system. With the correct control strategy it  
should be possible to compensate fo r unfavourable conditions to ensure that 
the fermentation run is not wasted.
Obviously when the production of any expensive product is made it  is 
vita lly  important to be able to estimate how much of the product can be 
expected and how long the fermentation w ill take until the product is ready 
to be harvested. The ability to prevent loss of production by harvesting a 
product at the maximum possible yield can save vast amounts of time, energy 
and money, particularly in sizing the plant equipment and in overall plant 
productivity.
The investigation of these cytochrome P-450 enzymes has led to an interest 
in modelling the production of enzymes in many places around the world from  
Japan, Europe and the UK. This international interest is sparked fu rther by 
the potential ability of these enzymes to be used in many d ifferen t fields
13
such as blood detoxification, tests fo r fungicides and carcinogens and 
fina lly , these enzymes could be used to chemically change organic compounds 
fo r the pharmaceutical industries.
I t  is therefore of great international interest that the enzymes can be
produced commercially in a cheap and profitable way. This project takes a
small step in understanding some of the complex problems behind improving 
the yields of cytochrome P-450 in Saccharomyces cerevisiae  NCYC 754, a 
standard brewers’ yeast.
The use of a brewers’ yeast means that this project also has implications
fo r the brewing industry, in its production of beer as well as fo r  the
industries involved in producing ethanol fo r other commercial purposes. The 
ability  of Saccharomyces cerevisiae  to produce cytochrome P-450 is coupled 
closely w ith its ab ility  to produce ethanol. At present there is a degree 
of interest in the modelling of ethanol, in anaerobic fermentation and the 
production of cytochrome P-450, within the University of Surrey. This w ill 
hopefully lead to a commercially available package fo r  any fermentation  
process.
14
CHAPTER 2
A REVIEW OF RELEVANT PUBLICATIONS
15
2 ' 1 Introduction
The fam ily of cytochrome P-450 enzymes has started to a ttrac t great interest 
in many areas of research. A recent review on the cytochrome P-450 enzymes 
the ir occurrence and nomenclature is given by Nebert et al. (1991). Further 
a review is given by Yoshida and Aoyama (1990) on the role of Cytochromes 
P-450 in the biosynthesis of ergosterol.
Yeast fermentation has been around fo r thousands of years from  the original 
beer and wine production to the more research based areas fo r which yeasts 
are now being used. The use of the term  cytochrome P-450 is generally taken 
to cover a fam ily of iso-enzymes which are responsible fo r catalysing many 
important reactions in many d ifferen t species of animals, plants, insects 
and microorganisms.
Before a complex study of cytochrome P-450 optimisation and the factors  
which are responsible fo r the variab ility  in the yields of these enzymes, a 
study of the recent literature  covering this extensive fie ld  of research 
w ill be given. One of the main reasons to optimise a system and to reduce 
the variability  in the final product is stated by Winkler (1991)
" A plant dealing with a widely variable process needs to be larger 
than one giving the same overall production but at a uniform rate."
Winkler also explains that this results in over-size plant, and loss in 
productivity. The aim of the optimisation w ill endeavour to show an 
improvement in the operation of the plant in terms of product yield, 
productivity, process and recovery section times.
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2 ' 2 Occurrence and characterisation  of Cytochrome P -450  
The work on the cytochrome P-450 enzymes system started in the late 1940’s 
and 1950’s. The work moved to rodent liver where Klingenberg (1958) and 
Garfinkel (1958), whilst investigating the pigments of ra t liver microsomes, 
discovered carbon monoxide binding to the pigment (haemoprotein). This 
carbon monoxide binding formed " an intense absorption band at 450 mp upon 
reduction of the microsomes by dithionite". I t  was not until Creaven & 
Williams (1963) demonstrated that the subcellular fractions taken from  human 
liver catalysed the oxidation of biphenyl and coumarin, that workers in the 
fie ld  of drug oxidation (in humans) realized an enzyme was involved. This 
work was followed up by Kuntzman et a l. (1966) who characterized the 
drug-oxidising system in the human liver cells. The system required the 
presence of NADPH and was present in the microsomal fraction.
The name cytochrome P-450 was f irs t  suggested by Omura and Sato (1964), 
meaning "a pigment w ith an absorption at 450nm in the reduced carbon 
monoxide difference spectrum." Omura and Sato (1964) also noticed the 
occurrence of a peak at 420nm. This was assumed to be another form  of the 
cytochrome and hence was called cytochrome P-420. The cytochrome P-420 was 
believed to be the solubilised form  as opposed to the catalytically active 
membrane-bound cytochrome P-450. Wiseman (personal communications) believes 
that the cytochrome P-420 peak may also contain the denatured cytochrome 
P-450, however this has not been proved.
Originally the Cytochrome P-450 was the name given to a complex mixture of 
enzymes in liver which were responsible fo r the metabolism of certain drugs 
and xenobiotics (Parke 1975). More recently the name Cytochrome P-450 refers  
to the haemoprotein part, of the mixed-function oxygenase system, found in a 
large variety of organisms (Trinn et a l. 1982).
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The distribution of cytochrome P-450 enzymes in nature is widespread, being 
found not only in liver microsomes but also in the mitochondria of the
adrenal gland, (Harding et a l. 1964), in several strains of yeast 
Saccharomyces cerevisiae  (Lindenmayer et a l. 1964, King 1982a, Kâppeli 
1986a) and Rhizobium Japonicum  (Appleby 1967). The distribution and yields 
of cytochrome P-450 in the Saccharomyces cerevisiae  is shown in table 2 1. 
Further work discovered P-450 in tissues of various vertebrates, 
invertebrates and plants (Omura 1978). Sato (1978) gives fu rth er details as
to the sources of the cytochrome P-450, notably that the livers of birds, 
reptiles, amphibians and fish contain measurable amounts of these enzymes.
Sato (1978) goes on to mention that Drosophila  (fru itf ly ) contains
cytochrome P-450. This was f  ound as part of an investigation into 
insecticide metabolism. The presence of cytochrome P-450 has also been 
reported in plants such as sorghum seeds, cauliflower buds and various other 
plants. In particular the mammalian tissues, that are associated w ith the
production of steroid hormones (eg. corpus luteum, placenta), contained 
substantial amounts of cytochrome P-450. Sato (1978) reported that the
presence of cytochrome P-450 in mammals can be f  ound at varying
concentrations in the microsomes of the liver, kidney, lung, testis, 
placenta, skin and several other tissues. However the brain, muscle and
thyroid gland "appear to be devoid of this type of haemoprotein".
The study of the Cytochrome P-450 oxygenase system in mammalian cells has
been quite substantially covered by Gunsalus et a l. (1975), Ishimura (1978) 
and Smith & Davies (1980). The Cytochrome P-450 system was found to be
involved in several d ifferent hydroxylation and dealkylation reactions on
certain drugs, steroids, fa tty  acids and carcinogens. Gunsalus et a l. (1975) 
reported that the mammalian microsomal preparations contained more than one 
species of cytochrome P-450 and in some cases up to ten d ifferen t species.
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The existence of cytochrome P-450 enzymes in mammalian cells can be split 
into two main groups. F irstly, the broad-specificity enzymes have over 1000 
known substrates. They are believed to detoxify certain drugs and 
xenobiotics either by hydroxylation or dealkylation, prior to fu rther  
conjunction w ith other enzymes. This is then followed by excretion from  the 
cell of the resulting products. The second group of enzymes is the 
n arr0 w-specificity form , believed to be cytochrome P-448. This group of 
enzymes shows a spectral peak at 448nm. The narrow -specificity group affects  
the activation /  biological potentiation of the pro-carcinogen that is 
ingested into the mammal, rather than its detoxification (Kâppeli 1986a).
The cytochrome P-450 enzymes found in yeasts exhibited remarkable 
sim ilarities to those found in the mammalian cells. I t  was noted that a ll 
the enzymes expressed sim ilar enzymic activity and contained an iron atom in 
a haem group. The cytochrome P-450 enzymes constitute a fam ily of 
iso-enzymes that are a key part of the organism’s mono-oxygenase system. Due 
to the sim ilarities between the enzymes, many workers have tried  and 
successfully cloned mammalian cytochrome P-450 genes into Saccharomyces 
cerevisiae.
2*2*1 Present and Potential Uses o f Cytochrome P -450
In itia lly  the main work carried out on cytochrome P-450 enzymes was done 
using mammalian cells. However w ith  the increase in fermentation technology, 
the emphasis of the cytochrome P-450 work has moved over to the microbially 
produced forms and presence of the cytochrome P-450 in plants.
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King et a l. (1982a) reviewed the possible uses of cytochrome P-450 from  
microbial sources. They drew an analogy between the mammalian P-448, which 
activates several drugs and carcinogens within the body, and, the 
possibility of using the microbial enzymes to identify the drugs that may be 
activated.
Moreover the microbial cytochrome P-450 was found to exhibit a high 
specificity fo r benzo(a)pyrene (a carcinogen) and could therefore be used to 
detect low levels of carcinogens. The presence of benzo(a)pyrene in smoked 
or toasted foods reported by Lintas et a l. (1979) and the work reported by
King et a l. (1982a) on the induction of cytochrome P-448 in Saccharomyces
cerevisiae, led to suggestions th at the removal of this carcinogen from  the 
foodstuffs could be carried out using the cytochrome P-450 enzymes and other 
enzymes induced in the yeast.
Coulson et a l. (1984) reported th at the cytochrome P-450 enzymes found in 
mammals, plants and micro-organisms, are targeted fo r inhibition by a number 
of chemotherapeutic and agrochemical compounds. Several m ajor industrial 
companies are now interested in the presence of the cytochrome P-450 enzymes 
in plant pathogens, especially fungi w ith their e ffect on agrochemical
compounds.
The practical applications of these cytochrome P-450 enzymes are summarised 
into four main categories by Kâppeli (1986):-
1) Selective hydroxy lation/side chain cleavage reactions, of organic 
compounds, fo r the pharmaceutical industry. The creation of specialty 
chemicals using the enzymes to create/breakdown inexpensive starting  
compounds into useful intermediates or final products. This is particularly
important when considering the possible production of modified steroids.
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2) In  vitro  analysis of metabolic pathways of certain drugs, to investigate 
the metabolites synthesised to test fo r carcinogenic or mutagenic properties 
avoiding the use of animals. This is already used in the Ames test (Ames
1976) who uses Salmonella bacteria to test fo r the possible mutagenicity and 
carcinogenicity of a great variety of chemicals. I t  would therefore be 
possible to use Saccharomyces cerevistae  in a sim ilar way to test fo r the 
carcinogenicity of the chemicals or even to use the cytochrome P-450 to test 
fo r possible reactions and carcinogenicity.
3) To catalyse the conversion of drugs and other foreign substances into
w ater soluble products. Useful fo r in itia l investigations into a rtific ia l 
kidneys or extracorporal detoxification of blood. The cytochrome P-450 could 
possibly be used in the membrane of a dialysis machine.
4) As a test system fo r anti-fungal agents, many of which are cytochrome 
P-450 inhibitors. Major agrochemical companies are looking into the 
possibility of using cytochrome P-450 to prevent fungal infections in
plants. The use of the yeast cytochrome P-450 could be used as a preliminary
test on the fungi.
2 2 '2  Cytochrome P -450  fro m  bacteria
Cytochrome P-450 has been found in several bacteria. Pseudomonas putida 
contains a cytochrome P-450 that takes part in the degradation of unused 
carbon sources, Hedegaard and Gunsalus (1965). Cardini and Jurtshuk (1968), 
found that Corynebacterium  sp. was able to oxidise n-octane to 1-octanol and 
octanoic acid by using cytochrome P-450. The usefulness of these reactions 
has not been reported and it  is thought that these reactions are not 
commercially used.
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2 ' 2 ' 3  Cytochrome P -450  from  fungi other than yeast
King et a l, (1982a) has suggested that there are some potentially useful 
sources of cytochrome P-450 which could be used in the manufacture of 
steroids and alkaloid derivatives.
Specifically the fungus Cunninghamella bain ieri was found, by Ferris et a l. 
(1975), to use the cytochrome P-450 to degrade unused carbon sources. Ambike 
and Baxter (1970) found cytochrome P-450, in Claviceps purpurea, to be 
involved in the rate  determining step during its alkaloid synthesis. 
Broadbent and Cartw right (1974) found that cytochrome P-450 in the fungus 
Nocardia sp., is capable of catalysing para 0-dealkylation reactions.
2 ' 2 ' 4  Cytochrome P -45 0  fro m  yeasts other than Saccharomyces cerev is tae  
The m ajority of the useful cytochrome P-450 producing yeasts, are found 
either in the genus Saccharomyces or Candida. Lebeault et a l. (1971) noticed 
th a t in the hydrocarbon-degrading yeasts of the genus Candida, cytochrome 
P-450 was induced. However w ith  glucose as the substrate i t  was not possible 
to detect the cytochrome P-450 in the whole cell. This would indicate that 
there is a possibility of using strains of Candida in an industrial process 
to remove unwanted hydrocarbons, depending upon the specificity of the 
yeast's enzymes Wiseman,(1977).
Gmünder et a l. (1981) worked on the continuous culture of Candida trop ica lis  
and found that, under feed-controlled culture, the content of cytochrome 
P-450 was related to the substrate uptake rate. Moreover they also noted 
that the production of cytochrome P-450 could be increased in Candida 
tro p ic a lis  by maintaining the oxygen partia l pressure below 4kPa
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(approximately 20% of air saturation). These are conditions of high 
aerobicity in which the cnochrome P-450 is inducible. These are very 
d ifferen t conditions compared to those used by researchers a t the University 
of Surrey.
Similar behaviour has been reported by Mauersberger et a l. (1980a & b) fo r  
Candida gu illierm ondii. A threefold increase in yield could be obtained when 
the conditions were changed from carbon to oxygen lim itation.
2 ' 2 ' 5  Cytochrome P -450  fro m  the yeast Saccharomyces c e re v is ia e  
Unlike the other yeasts already mentioned, the formation of cytochrome 
P-450, in Saccharomyces cerevisiae, depends on many d iffe ren t factors. The 
yeasts of the genus Saccharomyces are f  acultative anaerobes and their 
metabolism is modified by the conditions under which the yeast is grown 
(Kâppeli, 1986b).
The occurrence of cytochrome P-450 in the Saccharomyces type yeasts is 
dependent upon the state of the fermentation and the conditions under which 
the yeast is grown. Kâppeli (1986a) suggests, that fo r the production of 
cytochrome P-450, the respiratory glucose catabolism needs to be minimised 
leading to low specific oxygen uptakes and that the ferm entative metabolism 
needs to be maximised which gives a high specific ethanol production rate.
There are also two d ifferent types of conditions in which the Saccharomyces 
cerevisiae  research has been carried out. These are either batch cultures or 
continuous culture. Wiseman and King (1982) have carried out much work on
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the batch culture of the yeast Saccharomyces cerevisiae  and indicated that 
it  was necessary fo r one of the four following c rite ria  to be met before 
cytochrome P-450 could be produced.
1) High concentration of glucose (4-20%) in the growth medium.
2) Semi-anaerobic conditions. 3) Addition of inhibitors of mitochondrial 
protein biosynthesis to the growth medium. This has included such compounds 
as erythromycin and chloramphenicol. 4) The use of respiratory-deficient 
mutants.
Kappeli (1986a) reports that these conditions, upon yeast, cause the 
decrease of the synthesis of mitochondrial cytochromes; however under these 
conditions he found that cytochrome P-450 in the cells increased whereas the 
cytochrome a and b were found to be inhibited.
An investigation into the spectra of the cytochrome P-450 and the 
mitochondrial cytochrome oxidase, found that they in terfere  w ith the carbon 
monoxide difference spectrum (Karenlampi et al, 1982).
Kappeli (1986) found that the cytochrome oxidase has a trough at 441nm to 
445nm and therefore the cytochrome P-450 could well be hidden in cells with  
high mitochondrial cytochrome content.
King et al (1982b) found that, in the strain of Saccharomyces cerevisiae  
being used at the University of Surrey, there were several peaks displayed 
by the cytochromes, but that these peaks were close together. Each peak 
represented a d ifferen t enzyme, which could therefore exhibit d iffering  
specificities. This was confirmed by Coulson et a l, (1984) who reported on 
the existence of selective cytochrome P-450 in Saccharomyces cerevisiae. 
This has proved to be very important because it  has been found that there
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are a number of imidazole and triazole compounds which give a type-II 
binding spectra, indicating that there is an interaction between these 
compounds and the haem group found in the cytochrome P-450. (see section 
2"7 '1  fo r an explanation of the types of binding spectra) This could be an 
important use of the enzyme because these compounds are used as medical and 
agrochemical fungicides, and research has shown that several triazole and 
pyrimidine derivatives exert a plant growth regulatory action which is 
inhibited by carbon monoxide. This inhibition is relieved by light which 
exerts a maximal e ffect at 450nm, this implies the involvement of cytochrome 
P-450, (Coulson 1984).
Coulson et al (1984) has also reported that the drug norethisterone can 
inhibit the hormone androstenedione present in man which controls the 
oestrogen/androgen balance. The drug norethisterone has also been found to 
modify ra t liver cytochrome P-450 at high concentrations.
I t  is not known yet whether the cytochrome P-450 in Saccharomyces cerevisiae  
can replace the plant or the ra t  liver but the fac t that some of these 
marketed agrochemical and medical compounds show ty p e -II binding spectra 
with the cytochrome P-450 from  Saccharomyces cerevisiae, indicates that 
there is at least a fa in t possibility of there being a replacement.
2 '3  Cytochrome P -45 0  as a model o f an in tra c e llu la r product fro m  yeast 
One of the more important reasons fo r using cytochrome P-450 as a model fo r  
optimisation is the robustness of the organic system, the yeast 
Saccharomyces cerevisiae  is especially robust as is explained in the next 
section. It  is also possible fo r the cytochrome P-450 enzymes to be analysed 
in the intact cell, which allows a simple, fast, accurate and highly 
repeatable assay. I t  would also be possible to use the yeast as either, a 
secondary organism to give an indicator of another product or, i f  the yeast
is being used to produce a genetically engineered product, then, the 
cytochrome P-450 could be used to detect the peak production of that
product.
The yeast Saccharomyces cerevisiae  has been found to be very useful in the 
fie ld  of genetic engineering. I t  was one of the f irs t  yeasts that were known 
to contain plasmids in its genetic make-up. These loops of DNA are crucial 
fo r the genetic manipulation due to the techniques used to cause an organism
to be genetically changed, (Coghlan 1984). The robustness of the genetically
produced Saccharomyces cerevisiae  has been f  ound disappointing in the
experiments carried out in the laboratories a t the University of Surrey,
(Nicholls 1989, personal communications). There have been several successful 
products produced from  the genetically engineered Saccharomyces cerevisiae  
which have led to an increased interest in various strains of the yeast.
In recent reports, workers using Saccharomyces cerevisiae  have managed to 
express several d ifferent mammalian cytochrome P-450 genes. The most
interesting mammalian cytochrome being the human liver cytochrome P-450^p 
has been cloned by Ohgiya et a l. (1989). Other mammalian forms of the
cytochrome P-450 enzymes include ra t liver (Oeda et aL, 1985; Murakami et
al., 1987; Zurbriggen et al. 1989a & b) and rabbit liver (Pompon, 1988).
Kappeli (1986) states that "Saccharomyces cerevisiae  is possibly the most
widely investigated yeast. This is a consequence not only of its importance
to industry but also of its distinct glucose metabolism. I t  has attracted
the curiosity of many scientists who investigate this yeast as a model 
eukaryote".
Yeasts are now being used to produce many products other than alcohol. These 
products include insulin and other enzymes fo r humans.
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2"4 Yeast s tra in  selection
There are many d ifferen t yeasts available that produce a reasonable amount 
of cytochrome P-450 w ithin the cell. However, before that can be discussed 
i t  is important to know how the d ifferent yeasts are individually described. 
The fam ily of yeasts have been classified into genera. Each genus is split 
into species. These species are fu rth er sub-divided into individual strains.
There are several c rite ria  required fo r the yeast used in this project. The 
yeast should contain large quantities of cytochrome P-450. The yeast should 
be easy to handle, and should ideally contain only one strain of a high 
cytochrome P-450 producing yeast.
The choice of which strain of yeast can now be made using these 
requirements. Many d ifferent strains of yeast have been used by various 
workers. A summary of the useful results obtained is shown below in 
table 2*1 .
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S t r a i  n 
of
B iomas s Cytochrome P - 4 5 0 R e f  e re n ce
S . c e r e v . g d r y / 1 g w e t / 1 n m o l / g  dry nmo 1 /g wet
NCYC 108 - - - 2 0 K i n g 1983
NCYC 23 9 - - - 11 0 Q ur eshi 1980
NCYC 23 9 - - - 6 0 K i n g 1983
NCYC 240 9*81 5 3 - 0 2 1 - 6 4 0 K â r  en lam p i 1981
NCYC 240 - - - 4 0 K i n g 1983
NCYC 240 - 1 0 0 - 0 - 2 8 Woo ds 1979
NCYC 240 - 5 0 - 0 - 4 0 L l m 1977
NCYC 240 1 3 - 6 8 - 1 8 -7 - S a l i  hon 1984
NCYC 406 - - - 2 0 K i n g 1983
NCYC 700 - - - 9 0 K â r  en lam pi 1980
NCYC 700 - - - 4 0 K i n g 1983
NCYC 753 - - - 0 7 K i n g 1983
NCYC 754 - 7 0 - 0 - 8 5 K i n g 1983
NCYC 754 7 - 9 5 - 3 0 - 3 5 - S a l i  hon 1984
W i 1d - t y p e  
d i p l o i d  
s t r a i n
3 - 9 8 - 6 4 - 0 -
R o g e r s  and 
S t  e w a r t 1973
H 1 0 2 2 6 - 0 0 - 1 7 - 0 - T r  i nn 1982
Table 2-1 Saccharomyces c e re v is ia e  yield data fro m  previously
published work
The f irs t  observation to be made from  table 2-1 is that there are differing  
amounts of cytochrome P-450 produced from the same yeast by different 
workers. This can be explained partially by the d iffe ren t conditions under 
which the yeasts are grown such as batch/continuous fermentation,
fermenters or shake flasks. Furthermore it is necessary to realize that the 
culture medium may also vary w ith each worker. However in some cases such as
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Kârenlampî et a l. (1980) and King (1983), both workers grew the yeast 
Saccharomyces cerevisiae NCYC 700 with the same culture medium composition, 
but King only obtained 50% of the yield that Kârenlampi reported achieving.
Another yeast Saccharomyces cerevisiae  NCYC 239 was also grown by King 
(1983) and the cytochrome P-450 yield was compared to the work carried out 
earlier by Qureshi et a l. (1980). Both workers used the same growth 
conditions but King (1983) achieved a substantially lower yield of 
cytochrome P-450. One of the suggested reasons fo r these discrepancies is 
that the strain of yeasts used in the two above cases might in actual fac t 
contain a high and low cytochrome P-450 producing yeast, and that the actual 
ra tio  of the high and low strains may vary depending on conditions under 
which the yeast is used. No proof of this has yet been found in these cases.
The occurrence of a high and low producing cytochrome P-450 yeast strain, 
has been proved in the case of Saccharomyces cerevisiae  NCYC 240. King 
(1983) carried out many experiments, establishing that this yeast contained 
a m ixture of Saccharomyces cerevisiae  NCYC 753 and Saccharomyces cerevisiae  
NCYC 754. The Saccharomyces cerevisiae  NCYC 754 was found to be the high 
cytochrome P-450 producing yeast. The ratio  of 753:754 was found to be 1:4, 
in one batch of Saccharomyces cerevisiae NCYC 240. Since the stability of 
this ratio  was not looked into, it  is not definite proof that the 
fluctuations in cytochrome P-450 yield were due to the varying amounts of 
the two strains, only, that this might cause a change in the yields 
obtained.
The yield variations which were experienced by many of the workers at this 
time were attributed to the presence of more than one strain of yeast in the 
culture. The variations were assumed to occur because the amount of each 
strain of the Saccharomyces cerevisiae  could vary from experimental run to
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experimental run. It  was believed that the growth conditions may have 
preferentially promoted growth of one strain of Saccharomyces cerevisiae. 
This was never tested experimentally.
I t  is apparent, from  these reported results, that the choice of which 
particular strain of yeast should be used fo r this project is s till not 
obvious. The University of Surrey research into cytochrome P-450 has been 
maintained using, in itia lly  Saccharomyces cerevisiae  NCYC 240, and then from  
1982 Saccharomyces cerevisiae NCYC 754, which is the 80% major component of 
Saccharomyces cerevisiae  NCYC 240. For that reason i t  was decided that the 
project should continue to use the same yeast as the other research workers. 
The yeastresearch group at the University of Surreyhas amassed a large 
amount of technical experience in using and maintaining this particular 
yeast, so this yeast was used in this project to ensure compatibility of 
experimental data.
2 -5  Ferm entation time in batch Cytochrome P -450  ferm entations  
One of the more important c rite ria  that needs to be known about a 
fermentation is the time that the product should be harvested. This is known 
as the fermentation time. In the case of this project, the time at which the 
maximum yield of the enzyme cytochrome P-450 occurs, is known as the 
fermentation time. Maximum cytochrome P-450 usually occurs around the same 
time as the biomass maximum. A maximum in the product concentration of the 
cytochrome P-450 implies that, i f  the fermentation is allowed to continue, 
there w ill be a decrease in the yield of the enzyme. The difference between 
the maximum productivity time and maximum product concentration time can 
also be very marked. The times of these two maxima can occur at greatly 
differing  times. The timing of the respective productivity and product
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concentration peaks, depends upon the rate of change in the yield of 
cytochrome P-450 near its peak. Should the rate of change of the cytochrome 
P-450 be slow then the productivity peak w ill occur much earlier than the 
product cytochrome P-450 peak and vice versa.
Therefore in terms of economic enzyme production, it  is necessary to 
determine how fast the rate of production of cytochrome P-450 changes w ith  
respect to the productivity. I t  would have been useful i f  this data were 
available in the literature available fo r this review. The peak times of 
maximum cytochrome P-450 have been reported by many workers, whereas the 
productivity is never mentioned. The peak times of cytochrome P-450 yield 
are shown below in table 2-2.
S t r a i n F e rm e n te r Type 
Batch o r  
C o n t in u o u s
C y t o c h ro m e  P - 4 5 0 R e f  erence
Peak t i m e  
( H o u r s )
n m o l / g  w e t  
/ p e a k  t  ime
NCYC 108 ba t  ch f l a sk 16 0 - 125 K i n g 1983
NCYC 239 ba t  ch f  1a sk 110 O' 10 Q uresh i 1980
NCYC 239 ba t  ch f  1a sk 3 8 - 4 0 0 •  1 5 - 0  • 1 6 K i  ng 1983
NCYC 240 ba t  ch f  1a sk 3 8 - 4 0 0 •  1 0 - 0 •  1 1 K i n g 1983
NCYC 240 ba t  ch f  1a sk 10 0 - 2 8 Woods 1979
NCYC 24 0 ba t  ch f  1a sk 48 0 - 0 8 L im 1977
NCYC 240 ba t ch f  1ask 40 0 - 2 9 Sa 1 ihon 1984
NCYC 406 ba t  ch f  1a sk 22 0 - 0 9 K i  ng 1983
NCYC 700 ba t  ch f l a sk 18 0 * 2 2 K i  ng 1983
NCYC 753 ba t  ch f  1a sk 42 0 - 0 2 K i  ng 1983
NCYC 754 ba t  ch f l a sk 42 0 - 2 0 K i  ng 1983
NCYC 754 b a t c h  f e r m e n t e r 32 0 - 4 7 S a l  ihon 1984
Table 2 -2  Peak cytochrome P-450 time and ferm enter type from  
previously published w ork
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I t  is usual fo r the time taken fo r the maximum yield of cytochrome P-450, 
from  the s tart of the fermentation, to be called the "PEAK TIME". Similarly 
a peak time can also be established fo r the production of the yeast biomass. 
I t  would be very surprising i f  these two peak times coincided. In almost all 
the cases reported, that included this information, there was no definite 
proof that the peak time of the cytochrome P-450 occurred before or a fte r  
the biomass peak time. One of the main reasons fo r this, is that there are 
few  workers in the area who mention the biomass "peak time"; making 
comparisons of biomass yield times d ifficu lt and meaningless.
Most of the data recorded in tables 2*1 and 2 *2  gives the yield of 
cytochrome P-450 in terms of nmol per gram wet weight yeast. The data shows 
vast variations among the various strains. These results are also supported 
by other workers. Using identical culture conditions fo r shake flasks w ith a 
platinum -wire-loop-sized inoculum, Saccharomyces cerevisiae  NCYC 240, gave a 
peak cytochrome P-450 time of about 40 hours of fermentation time. A much 
earlier time of between 16 to 22 hours was recorded fo r the strains of 
Saccharomyces cerevisiae  NCYC 108, NCYC 406, NCYC 700, (King 1983). I t  is 
likely that, because the size of a platinum-loop-sized inocula can vary from  
worker to worker, the differing peak times are caused by this difference. 
The magnitude of these time differences can, however, not be attributed to 
the d iffering size of inocula alone. Analysis of the inocula is dealt with  
in the next section.
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The variation in cytochrome P-450 yield in Saccharomyces cerevisiae  NCYC 
239, was discussed in the previous section. The production of a 10 hour peak 
cytochrome P-450 time, using Saccharomyces cerevisiae  NCYC 240, can be
attributed to the exceptionally high inoculum (33*3 g /l it re  of medium) used
by Woods (1979), a more realistic figure is about 40 hours i f  inocula of
7.5% w /v  are used.
Salihon (1984) expressed an interest in finding out the unit cost per unit 
time bef ore selecting the strain of yeast f  or his project. Since these 
values are clearly unavailable, the choice of which strain to use has to be 
made on other criteria . In the case of this project, Saccharomyces
cerevisiae  NCYC 754 was chosen because it  was the high cytochrome P-450 
producing component of the yeast Saccharomyces cerevisiae  NCYC 240. NCYC 240 
has two pleiomorphic forms, the major form consisting of 80% of the yeast is 
Saccharomyces cerevisiae  NCYC 754, which has been shown to produce large 
amounts of cytochrome P-450 a fte r  38-40 hours. This allows useful data to be 
obtained on the peak times of the biomass and cytochrome P-450, carried out 
during the project.
2 -6  The e f f e c t  o f inoculum age and size on batch Cytochrome P -450  
f  ermentations
Blatiak (1987) noticed in his experimental work that the level of 
cytochrome P-450 accumulation is not always consistent. Blatiak investigated 
the effect of the age and size of the inoculum on the yield of cytochrome 
P-450.
The commonly used inoculum fo r shake-flask work is the
platinum -wire-loop-sized inoculum. This type of inoculum was prepared by 
Gondal (1979), who grew the yeast on Sabouraud dextrose agar slopes at 3 0 °C 
fo r three days. King (1983) indicated that the slopes, upon which the yeast
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had been grown, should not be kept fo r more than 2 weeks at 4 “C. Blatiak 
(1987) found that cytochrome P-450 yields dropped even a fte r  the f irs t  week 
of storage at 4°C, and that a fte r  12 weeks of cold storage the yield of 
cytochrome P-450 was half of that which was obtained from  a younger slope. 
The inoculation was carried out using a flam e-sterilised platinum w ire loop, 
using two loops in 100ml of medium.
Many workers have used d ifferen t amounts of inoculum. Details of these 
levels are shown below in table 2-10. I t  has been documented that d ifferent 
levels of inoculation produce d iffe ren t growth curves (Thomas, 1977). Thomas 
and Rose (1979) noticed that w ith small inocula there are longer exponential 
phases and longer lag phases. Nagodawithana and Steinkraus (1976) found 
that, although the larger inocula reduced the lag phase and also the 
exponential phase, this usually results in a lower biomass yield (Strehaiano 
et a l., 1983).
A u t h o r D ate  of  
Pub 1i c a t io n
I n o c u l a t i o n
L e v e l
B l a t i a k  e t  a l . 1980 0 - 0 0 8 %  ( v / v )
B a r f  or d & H a l  1 1978 0 - 0 5 %  ( v / v )
Yoshid a  e t  a l . 1977 0 - 5 %  ( v / v )
Woods 1979 3 - 3 %  (w /v )
S t r e h a i a n o  & Goma 1983 1 0 - 0 %  ( v / v )
A iba e t a 1 . 1968 1 0 - 0 %  ( v / v )
N ag o d aw i th an a  & 1976 60  - 0% ( v / v )
S t e i n k r a u s
Table 2-10 D if fe re n t  inoculation levels used by d i f f e r e n t  workers
The method of producing the inoculum was found, by Blatiak (1987), to be 
important in the overall yield of cytochrome P-450. Blatiak compared growing 
the inoculum on 20% glucose media, 5% glucose media and direct inoculation
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from  the slope to the shake-flask. In each case the inoculum was taken and
placed into a medium containing 20% glucose. The results showed that the
inoculum prepared in 5% glucose medium, gave slightly higher yields of
cytochrome P-450 (3*0 nmol/g wet weight) than the 20% glucose medium
inoculum (2*8 nmol/g wet weight).
Blatiak (1987) found that in a 5 litre  fermenter, the yields of cytochrome
P-450 were significantly higher when the inoculum was grown on 5% glucose as 
opposed to the 20% glucose.
Blatiak (1987) concludes that the inoculum age, size and previous conditions 
of growth, substantially a ffec t the accumulation of cytochrome P-450 in 
Saccharomyces cerevisiae. The level of inoculum used fo r this project, is
10-0 g wet weight /  4 litre . The inoculum was grown in 5% glucose media,
from  slopes that were no older than 4 weeks, stored at 4"C.
2 ' 7  The Mechanisms o f Cytochrome P -450 .
2 -7 -1  The Mechanisms o f the Cytochrome P -4 50  Monooxygenase Reaction. 
Table 2-8,  taken from  Blatiak (1987), shows the most important series of 
events in the mechanism of the cytochrome P-450 monooxygenase reaction, not 
all of which are understood.
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P - 4 5 0 ( F e  )regenerates; ,
Substrate
SH
SOH
P -45 0 (F e  0  )SH
P-4 50 (F e  )SHVI
P -450 (F e  0 )SH
2H
P -4 5 0 (F e  O ' ) S H Fe^ )SHP -450
P -45 0 (F e^"o   ^ )SH
I V
F e ' ' * 0~ ) SUP - 4 5 0
e is transferred from  NADPH via NADPH:cytochrome P-450 reductase.
2.e is transferred either from  NADPH via NADPH:cytochrome P-450 reductase or 
from  NADH via NADH: cytochrome bs reductase and cytochrome bs.
S indicates any substrate
Table 2*8  The Cytochrome P-450 Reaction Cycle
There are seven major stages in the reaction cycle:
I) The substrate is bound to the fe rr ic  iron form  of the cytochrome P-450 
enzyme.
II)  An electron is transferred from NADPH via NADPH: cytochrome P-450 
reductase.
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I I I )  Oxygen is then bound to this complex.
IV) Another electron is transferred from either NADPH via NADPH: cytochrome 
P-450 reductase or NADH via NADH: cytochrome bs reductase and cytochrome bs.
V) The oxygen is activated, enabling the reaction to take place w ith the 
substrate.
V I) The reaction product dissociates from  the complex.
V II) The fina l stage is the regeneration of the enzyme, allowing the 
reaction to s tart again from  the fe rr ic  iron form  of the haemoprotein.
The ratio  of cytochrome P-450 molecules to NADPH:cytochrome P-450 reductase 
molecules, in the endoplasmic reticulum, ranges between 10:1 and 100:1 
(Estabrook et a l., 1971; Sato and Omura, 1978).
Nebert (1979) suggested that one cytochrome P-450 molecule may donate 
electrons to another form of cytochrome P-450, as in mitochondrial electron 
transport, but this was inferred from  experiments using aerobic conditions.
The arrangement of the cytochrome P-450 and its reductase in the membrane is 
not known, but two theories have been suggested. Peterson et a l. (1976) 
indicated that 8 to 12 molecules of cytochrome P-450 are arranged in a 
cluster around the reductase molecule, whereas Blatiak (1987) reports a 
suggestion that the cytochrome P-450 and the reductase enzymes diffuse 
freely in the lateral plane of the membrane. Further evidence is given to 
Peterson's theory by work carried out by Schwarz et a l. (1982). Studies with
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saturation transfer electron paramagnetic resonance (EPR) spectroscopy, 
showed evidence of cluster-like cytochrome P-450 molecules organised around 
the reductase in the microsomal membrane.
The active cytochrome P-450 can exist in two distinct forms, high spin and 
low spin. This refers to the presence of the haem group in the cytochrome 
P-450. The haem group contains iron in the fe rr ic  form. In this form the 
iron atom contains five electrons in the outer d-orb ital shell. The two  
forms of cytochrome P-450 are caused by the d ifferen t pairing of these 
d-orbital electrons. The low-spin form  occurs when four of the five  
electrons are paired. This corresponds to a six-coordinated haem iron. The 
high-spin form  occurs when the five  electrons are in separate energy levels 
and are, therefore, not paired. This form corresponds to a five-coordinated  
haem iron. Cinti et a l., (1979) reports that the two forms, in the intact
microsomal membrane, are present in the ratio  of approximately 1:1 but that 
this ratio  changes with temperature.
Schenkman et al., (1967) used difference spectrophotometry to study the 
binding of cytochrome P-450 to substrates and other compounds. Schenkman was 
able to classify three types of spectra. Type I has a spectral maximum at
385-390 nm and a minimum at 420 nm. Type I I  has a spectral maximum at
425-430 nm and a minimum at 390-410 nm. The th ird  spectrum is known as a 
reverse type I. The spectrum appears as a la tera l inversion of the type I 
spectrum. These spectra are shown in figure 2*1, below taken from  Schenkman 
et a l. (1967). The difference between type I and type II spectra is thought 
to result from the site at which the substrate/compound binds in the 
cytochrome P-450 molecule. In the type I spectra the substrate binds to the 
binding site of the Cytochrome P-450, whereas in the type I I  spectra a
compound binds to a site near to the haem group.
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FIG UR E 2 -1  
Taken fro m
Schenkman e t a l .  (1967)
FIG U R E 2 - 2  
Taken fro m
Schenkman e t  a l .  (1967)
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Fia. 1. Spaclral changes caused by addition oi 
vanons substances to suspensions oj rat Uvei 
micTOsonics
Six iiiillililui's uf inici'osuinul yuypuniaion (2 mg 
protein per m illiliter) was diluted in 50 mM Tii« 
buffer, pH 7.5, and divided into two cuvettes; t 
baseline of equal light absorbance was recorded. 
The baseline was subtracted from the change in 
lig lil absorbance caused by the addition of the 
different chemicals to one cuvette, and the re­
sultant difference spectra were plotted. Spectra 
were obtained at room temperature. Fig. lA; 
Spectral changes caused by the addition of: (o) 
5 rriM aminopyrine; (6) 5 m M  amobarbital; <c) 
5 mM hexobarbitul; (d) 0.083 niM  S K F 525 A. 
Fig. IB . Spectra shown in the solid line were 
obtained with 5 niM aniline ; the dashed line, with 
40 n iM  nicotinamide; and the dotted line, with 
30 niM pyridine.
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The spin state (the measure of pairing of the electrons in the haem group) 
can also be changed in vivo and in vitro, by type I substrates. The spin 
state is reported to change from low to high (Kumaki et al., 1978; Ristau et 
a l., 1979). The spin state in the Cytochrome P-450 controls the redox 
potential of the molecule, the high spin state having a lower redox 
potential (Sligar, 1976), Sligar et a l. (1979) also reports that by binding 
to a substrate the redox potential changes making i t  less negative and thus 
allowing the electrons to flow  to the cytochrome P-450 molecule more easily.
I f  this is the case, then Misselwitz et a l. (1980) indicated that the 
substrate induced spin state can cause the acceleration of the rate of 
reduction of the Fe^  ^ of the cytochrome. In this case a mechanism may exist 
where the substrate facilitates the electron flow  to cytochrome P-450, 
allowing the reaction to proceed, (Blatiak 1987).
Jefcoate and Gaylor , (1969) and H ill et al. (1970) have used electron spin 
resonance spectroscopy to detect the unpaired electrons in cytochrome P-450 
and have found that in the high spin state there are five unpaired electrons 
and in the low spin state there are two paired electrons and one unpaired 
electron.
2 * 7 ‘ 2 The Mechanism of Cytochrome P -450  Biosynthesis in the yeast  
Saccharomyces c e re v is ia e .
The mechanisms fo r the biosynthesis of cytochrome P-450 in Saccharomyces 
cerevisiae  are not fu lly  understood. Having established some of the reaction 
mechanisms in the previous section, this section w ill deal w ith the 
conditions outside the yeast cell required fo r the biosynthesis of the 
cytochrome P-450.
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King et a l. (1982a) stated that the accumulation of the enzymes cytochromes 
P-450 in Saccharomyces cerevisiae  requires conditions that involve the 
repression of the biosynthesis of cytochrome a and as of the yeast 
mitochondria. These conditions are achieved by maintaining some or all of 
the following, a high in itia l concentration of glucose in the growth medium, 
anaerobic growth conditions, addition of inhibitors such as erythromycin, 
and finally  the use of respiratory-deficient mutant yeasts.
Several workers have related the level of cytochrome a & as to the level of 
cyclic AMP in yeast. (Lim, 1976; Wiseman et a l., 1978; Qureshi et al.,
1980). The level of cyclic AMP has been shown by Woods (1979) to be 
inversely-related to the level of the glucose concentration.
Kârenlampi et a l. (1981a & b), disagrees w ith this, stating that the
biosynthesis is not necessarily linked with the repression of mitochondrial 
haemoprotein biosynthesis, cytochrome a & as included.
Karenlampi et a l. (1981) has shown that the accumulation of cytochrome P-450  
occurs when the degradation of sugar in batch fermentation occurs 
simultaneously under respirative and f  ermentative conditions. This occurs 
when the carbon source is galactose, mannose or maltose. Perlman and Mahler 
(1974) assumed that under these conditions it  is possible fo r the cytochrome 
a & as to be present as well as other respiratory enzymes. They have also
shown that in batch fermentation there is a phase called "the fermentation
phase of de-repression" where the concentration of the respiratory enzymes 
including the cytochrome a & as in the yeast begins to increase. This phase 
occurs when the concentration of glucose drops below the level where glucose 
repression no longer affects the yeast.
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Salihon (1984) showed that the cytochrome P-450 continued to be produced 
even a fte r the glucose concentration had fallen to zero. This supports the 
view of Karenlampi et al. (1981), that the repression of mitochondrial 
haemoprotein biosynthesis is not necessarily linked w ith the biosynthesis of 
cytochrome P-450.
2 -8  Induction and inhibition o f Cytochrome P -4 5 0  biosynthesis in
Saccharomyces c e re v is ia e
Demain (1972) stated that inducers of an enzyme are often analogues of its  
substrate which are poor or inactive fo r it  and/or fo r the metabolism by the 
organism. Conney (1967) found that in the mammalian system there are a large 
number of drugs, steroids, carcinogen and other compounds which can induce 
the production of cytochrome P-450.
Many workers have tested some of these compounds on Saccharomyces 
cerevisiae. KSrenlampi et a l. (1982) tried several chlorinated compounds 
such as hexachlorophenol, 2,4,6-tri-chlorophenol, Kepone^ (Kepone® is 
l,la,3,3a,4,5,5,5a,5b,6-decachlororooctahydro-l,3,4-m etheno-2H-cyclo  
buta(cd)pentalen-2-one) and hexachlorophene, but found that these were toxic  
to Saccharomyces cerevisiae  (NCYC 240). The toxicity of the chlorinated 
compounds increased w ith increasing chlorine atoms in its molecular 
structure.
Other compounds were reported as having no effect on the yields of 
cytochrome P-450 in the yeast Saccharomyces cerevisiae. These compounds were
3-methylcholanthrene and phénobarbital. These findings conflict w ith those 
of Wiseman and Lim (1975) who noticed a linear correlation between the level 
of cytochrome P-450 in Saccharomyces cerevisiae  and the quantity of 
phénobarbital added.
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IKarenlampi et a i. (1982) also conflict with Wiseman and Lim (1975) over the |
e ffect of in itia l glucose concentration in the media. Kârenlampi et al. .
(1982) indicated that the cjaochrome P-450 could be induced using an in itia l 
glucose concentration of 0*5% w /v  whereas Wiseman and Lim (1975) reported 
that there was no accumulation of cytochrome P-450 under these conditions, 
ie there was no glucose repression. I t  was suggested by Karenlampi et a l.
(1982) that this difference might be due to the d iffering aeration
conditions in the culture medium or to a d ifferen t type and location of the
cytochrome P-450.
Kârenlampi et a l. (1982) found that an increase in cytochrome P-450 
concentration was possible i f  Clomphen (a commercial mixture of
polychlorinated biphenyls) and Lindane^ (la ,2a ,3p ,4a ,5a ,6 |3 )-l,2 ,3 ,4 ,4 ,5 ,6 ,- 
hexachlorocyclohexane) were added. The increases that were reported were 32% 
and 50% respectively.
These two compounds were also tested on other genera of yeasts by Kârenlampi 
et al. (1982) and i t  was found that the induction of the cytochrome P-450 in 
yeasts by a particular inducer is species-dependent and happens to a lesser 
extent than the induction of mammalian cytochrome P-450.
King et a l. (1985) carried out a series of tests using a high in itia l 
glucose concentration in the medium. They found that with
3-methylcholanthrene, phénobarbital, benzo(a)pyrene and dimethylnitrosamine,
the yield of cytochrome P-450 was increased by up to 40% compared to a 
control with no inducers added. The reported induction of cytochrome P-450 
using 3-methylcholanthrene contradicts with those reported by Karenlampi et 
al. (1982) who found that there was no change in the amount of cytochrome 
P-450 produced. There are two major differences in the experimental 
techniques of King et a l. (1983) and Karenlampi et al. (1982). King et al.
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(1985) used an in itia l glucose concentration of 20% w /v  as opposed to
K&renlampi et a l. (1982) who only used 0-5% w /v . In the case of the
equipment used. King et al. (1985) used 100ml of medium in 250ml conical 
flasks, whereas Kârenlampi (1982) used 1000ml of medium in 3000ml conical 
flasks, the d ifferen t fractional fillin g  gives d iffering  aeration 
characteristics in the flasks. Further discussion of the effects of
aeration, agitation and fractional fillin g  of the flasks is discussed in the 
next section.
Wiseman et a l, (1975) used Tween-80® (a detergent) to increase the levels of 
cytochrome P-450 in yeast that had been grown fo r 48 hours or more. This 
effect was presumed to be the prevention of degradation of cytochrome P-450  
as opposed to the induction of cytochrome P-450. Gondal (1979) found that 
cytochrome P-450 could be "protected from destruction" by transferring the 
Saccharomyces cerevisiae, grown in 20% w /v  in itia l glucose concentration
medium, to a 20% w /v  glucose concentration non growth medium.
The use of inducers and degradation inhibitors can lead to substantial 
increases in the yield of the enzymes cytochromes P-450. The use of these 
compounds w ill not be used in this project due to the complex problems of 
removing them from  the cytochrome P-450 during the recovery stages in the 
downstream processing. I t  is also less desirable to use these compounds in 
large quantities as they are often hazardous to many organisms including 
yeasts. The contamination of the fermenter w ith  these inducers also gives 
problems with disposal of the by-products and cleaning of the equipment, 
this encourages the use of inducer /  degradation inhibitor free  media.
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2 -9  The e f f e c t  of aeration and agitation on Cytochrome P-45 0  biosynthesis 
and biomass production o f Saccharomyces c e re v is ia e  
2* 9-1 Introduction
Aeration is a critical parameter in determining the production of cytochrome 
P-450 in Saccharomyces cerevisiae  (Lindenmayer & Smith, 1964; Ishidate et 
a l., 1969(a & b)). Until the work was carried out by Salihon (1984), i t  was 
very d ifficu lt to find quantifiable recommendations fo r  the amount of oxygen 
to use fo r cytochrome P-450 synthesis. Most of the references quote 
definitions such as "mild aeration", "semi-anaerobic conditions" and
"minimum aeration". These references are not very useful in trying to 
establish how much aeration should be used in the synthesis of the 
cytochrome P-450 in Saccharomyces cerevisiae.
Once these lim itations in the literature are taken into account it  is also 
important to realise that the interaction between the various parameters are 
also important. In most of the early literature the workers have analysed 
the effect of aeration on its own and ignored the rest of the conditions in 
the analysed system. Work carried out by many workers in the fie ld  other 
than cytochrome P-450 have found this approach to be misleading. In the case 
of cytochrome P-450 Salihon (1984) found it  almost impossible to separate 
the d ifferent interactions between the control parameters and spent much 
time looking into their interactions.
2 - 9 - 2  The e f f e c t  of  aeration on the biosynthesis o f Cytochrome P -450  by 
Saccharomyces c e re v is ia e
The standard biochemical method of describing aeration is to use terms such 
as "aerobic", "semi-anaerobic" and "anaerobic". To achieve these conditions 
the biochemists have developed a series of experimental procedures. In the 
case of the aerobic conditions the flask is fractionally  filled , ensuring 
that the fractional fillin g  is kept low. The flask is kept agitated w ith air
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allowed to diffuse through the stoppered tops. The stoppered tops are either 
plugged with cotton wool or more recently disposable sterilised foam bungs. 
This allows a ir /  oxygen to diffuse into the flask (King, 1983).
For anaerobic conditions in the shake flasks it  is necessary to remove the
oxygen from the media and the flask. Usually this is done by stripping the 
oxygen with nitrogen (King 1983; Ishidate et a l. 1969a) and the flask is 
sealed with a rubber stopper to prevent a ir entering the flask. The flasks 
are also kept fu lly -fille d  so that any gas head spaces are prevented from
containing any oxygen (Ishidate et al. 1969a). Gentle s tirring  is used 
instead of vigorous agitation in this case.
For the semi-anaerobic system Ishidate et a l, (1969) allowed the gas 
exchange to pass through a tube into the flask. I f  anaerobic conditions were 
required the tube could be filled  w ith water causing a seal, allowing carbon
dioxide to escape but no a ir /  oxygen to enter. The agitation can be varied
depending upon the amount of oxygen transfer that is required. I t  is also
possible to vary the fractional fillin g  of the flask to a lte r the aeration 
characteristics of the fermentation (Salihon 1984).
Lindenmayer & Smith (1954) were the f irs t  to report that cytochrome P-450 
biosynthesis required semi-anaerobic conditions. Ishidate et a l. (1969 (a & 
b)) supported these results and went fu rther to show that the i f
Saccharomyces cerevisiae is grown anaerobically the cytochrome P-450
decreases sharply on exposure to aerobic conditions (Ishidate et al., 
1969b). This has been attributed to the oxygen requirement fo r membrane 
synthesis.
The control of oxygen in cytochrome P-450 synthesis was f irs t  made by Rogers 
& Stewart (1973). They measured the dissolved oxygen tension, DOT, which was
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controlled at very low levels using a solenoid valve to regulate the flow  
of a ir into a stream of nitrogen which acted as a carrie r gas. I t  is 
d ifficu lt to obtain the value of dissolved oxygen tension at which Rogers 
and Stewart maintained the fermentation broth because of the way in which 
the DOT probe is calibrated. DOT probes register 1007. when pure oxygen is in 
equilibrium with the medium at 1 atm, and, 0-0% when there is no oxygen in 
equilibrium with the medium. In the case of Rogers and Stewart (1973) they 
have introduced a ir  into a nitrogen carrier gas. This means that the 
equilibrium maintained is d iffic u lt to calculate as it  is not known how much 
a ir is added fo r how long. I t  can be assumed however that the amount of 
oxygen available fo r  solution in the medium is less than that in a ir without 
additional nitrogen. Salihon (1984) calculated the value of DOT from  the 
report of Rogers & Stewart (1973). On the basis that the oxygen available 
was the same as that in a ir, Salihon found that the highest reported 
cytochrome P-450 occurred at a measured DOT of 0*17 mm of Hg. The cytochrome 
P-450 peak value decreased to 7*707. of its maximum peak value when the DOT 
was 0*38 mm of Hg. No cytochrome P-450 could be measured at DOT values of 
0*85 mm of Hg. For anaerobic conditions, ie no measured dissolved oxygen, a 
cytochrome P-450 peak of about 23 • 07. of the maximum aerobic value was 
detected. The optimum value of DOT measured by Rogers and Stewart (1973) is 
only 0*117. of the DOT when the dissolved oxygen is equilibrium w ith the 
atmosphere. The above values of DOT in mm Hg. are taken from  Salihon (1984).
Salihon (1984) investigated the effect of fractional fillin g  of the shake 
flasks on the yield of cytochrome P-450. Salihon found that fo r higher 
fractionally filled  flasks there was an increase in the cytochrome P-450  
yield. The measure of fractional filling  is related to the aeration /  
agitation of the medium in the flasks, the greater the fractional fillin g  
the lower the aeration rate.
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Salihon (1984) went further, developing a technique to measure the dissolved 
oxygen in the shake-flask broth. He then went on to try  and scale-up the 
values that he obtained in the shake-flasks and applied them to a 5 litre  
ferm enter. Instead of controlling the oxygen flow rate, Salihon adjusted the 
impeller speed, this acted as an indirect control of the oxygen. Controlling 
the dissolved oxygen in this way allowed a simple and more accurate control 
of the oxygen in the fermenter broth.
Salihon (1984) managed to relate the dissolved oxygen concentration in the 
shake flasks with the required oxygen transfer rate in the ferm enter by 
using the equation:-
OTR = k a *  ( CONG,  ^ -  SAT , )L ( d o 2 )  ( d o 2 )
where OTR = oxygen transfer rate, (mmol 0 ^ / 1  hr)
k^a= volumetric oxygen mass transfer coefficient(hr )^
CONCj^ = dissolved oxygen concentration (mmol 0^/1 )
SAT^ ^^ ^^  = saturated dissolved oxygen conc(mmol 0^/1 )
Using this equation Salihon (1984) was able to make an estimation of the 
oxygen gas rate fo r the 51 ferm enter. The oxygen transfer rate can then be 
adjusted using the s tirre r speed.
The control of oxygen in the ferm enter is easily maintained by controlling 
the s tirre r speed since the semi-anaerobic conditions leave the dissolved 
oxygen probe below the region of accurate measurement (Salihon 1984). 
Salihon (1984) investigated the speed of the impeller on the cytochrome 
P-450 and found fo r his system that the optimum impeller speed was 250 rpm.
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2 - 9 - 3  The in teraction  between the glucose carbon source and aeration and 
its  e f f e c t  on Cytochrome P-450  biosynthesis in Saccharomyces c e re v is ia e . 
Woods (1979) was the f irs t worker to report on the effects of an 
interaction between the glucose source and the aeration on the biosynthesis 
of cytochrome P-450 in Saccharomyces cerevisiae. Woods reported that 
cytochrome P-450 could be produced in Saccharomyces cerevisiae  i f  one of two 
conditions existed. These conditions occur when the fermentation is 
semi-anaerobic resulting from a low supply of oxygen or the fermentation is 
aerobic but the glucose concentration is high.
A more detailed study of these conditions was made by Trinn et al. (1982) 
who studied these effects in continuous culture where the glucose 
repression/de-repression could be altered by changing the rate of glucose 
addition to the ferm enter (the glucose dilution rate). I t  was also possible 
fo r Trinn to a lte r the aeration characteristics of the fermentation, 
therefore changing the growth conditions from aerobic to anaerobic.
In itia lly  Trinn et a l. (1982) used a low glucose dilution rate so that the 
residual glucose concentration was low ensuring that a condition of glucose 
de-repression existed. The a ir flow  was set to 0*05 vvm (vvm = volume air 
per volume working volume per minute) and no cytochrome P-450 was detected. 
This led Trinn et al. (1982) to suppose that it  was impossible to induce 
cytochrome P-450 by oxygen lim itation alone. However at a high glucose 
dilution the residual glucose concentration is high, which indicated that 
glucose repression existed. Cytochrome P-450 yields were measured fo r  
several d ifferent a ir flows. The conclusions that Trinn et al. (1982) 
realised were that, in the glucose-repressed conditions, cytochrome P-450 
occurred in the cells at significantly higher volumetric a ir flow  rates 
compared to the glucose de-repressed conditions. Cytochrome P-450 was also 
present in larger quantities under glucose repressed conditions.
49
The work by Trinn et a l. (1982) also reported that during the
glucose-repressed growth, the cells contain cytochrome P-450 in significant 
quantities below a dissolved oxygen tension of 23 7 mm of Hg. The residual 
glucose concentration at this point was 3-7g per litre . These experiments 
were carried out using a continuous fermentation culture.
Lim (1976) had carried out a series of continuous culture experiments using 
Saccharomyces cerevisiae  and reported a maximum level of cytochrome P-450  
fo r levels of dissolved oxygen tension between 25*28 mm of Hg and 47*40 mm 
of Hg. The residual glucose concentration was not reported but since Lim 
(1976) started w ith  an in itia l glucose concentration of 200g per litre  it  is 
likely that the residual glucose would have been very d ifferent to that
measured by Trinn et al. (1982).
The difference in these results from Trinn et a l. (1982) and Lim (1976)
about the optimum dissolved oxygen fo r the production of cytochrome P-450  
may be due to the interaction between the glucose and the oxygen.
Salihon (1984) realised that i t  was important fo r the glucose and oxygen
levels to be optimised. Salihon carried out a series of experiments in a 
5 litre  batch ferm enter. He optimised the levels of glucose as well as the
other medium components w ith respect to the cytochrome P-450 yields and the 
physical parameters such as temperature, s tirre r speed and pH. The details
of these optimisations are given in Chapter 4.
More recently Piper and Kirk (1991) reported that the presence of glucose
repression followed by derepression in an aerobic system, can cause the
mitochondria to undergo changes associated w ith the acquisition of fu ll
respiratory capacity. This would imply in the case of cytochrome P-450 that
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the enzyme is produce at the point when the glucose source reaches a level 
at which aerobic capabilities of the yeast are permitted to function, 
cytochrome P-450 being involved in the oxygen transport of the yeast 
organism.
2" 9* 4 The e f f e c t  of  aeration and agitation on the biomass production  
The m ajority of the relevant publications into the study of cytochrome P-450 
neglect to mention the final biomass obtained. This is probably due to the 
fac t that they are more interested in reporting the yields of cytochrome 
P-450. This section gives a very limited insight into the effects of 
aeration and agitation on the biomass production in fermentations designed 
to produce cytochrome P-450.
Rogers and Stewart (1973) achieved a final biomass yield of less than 4 g/1 
noticing that the growth rate increased with increasing dissolved oxygen 
tension. Karenlampi et a l. (1981) obtained a fin a l biomass of 9*81 g/1. 
Kclrenlampi et a l. (1981) found that increased aeration caused an increase in 
the biomass yields but a decrease in the cytochrome P-450 yield. Trinn et 
a l. (1982) found that the ethanol concentration increased when the dissolved 
oxygen tension decreased, causing a decrease in the fin a l biomass in the 
f  ermentation.
In table 2-11 comparisons of these three groups of workers is made. Rogers 
and Stewart (1973) report the highest cytochrome P-450 peak but only reports 
a very low biomass yield. Kârenlampi et a l. (1981) indicates that they 
managed to achieve a much higher biomass yield but obtained less cytochrome 
P-450. Both groups of workers started with approximately the same amount of 
available carbon source. Rogers and Stewart used 40*0  g/1 of galactose 
whereas Karenlampi et a l. used 50 -0  g/1 of mannose.
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Salihon (1984) suggested that it  is important to optimise these factors. 
Salihon spent much time working with shake-flasks and a 5 litre  fermenter 
obtaining the optimum s tirre r speed and a ir flow  rate to achieve maximum 
amounts of cytochrome P-450. Salihon managed to obtain a maximum biomass 
yield of just over 15 g/1 using his optimised medium formulation (see 
section 2*14).
All the biomass concentrations given in this section are in grams dry weight 
per litre .
2 *9 *5  The in teraction  between aeration  and /or agitation and components of 
the medium other than glucose and th e ir possible e f fe c ts  on Cytochrome 
P-4 5 0  biosynthesis
Eckenfelder and Barnhart (1961) reported that trace amounts of peptone 
(measured in parts per million) can affect the overall m ass-transfer 
coefficient, iC^a; medium components undoubtedly a ffec t the surface tension as 
they are known to be surface active. The variation in the commercially 
available peptone formulations means that optimising the amount of peptone 
used has to be done whenever a new batch of peptone is required (Salihon 
1984). Salihon (1984) found that the required quantity of peptone, to 
achieve the maximum cytochrome P-450 and biomass yields, varied 
considerably. Using d ifferent formulations of peptone ie mycological 
peptone, bacteriological peptone, also gives d ifferen t yields of yeast 
biomass and cytochrome P-450. Since the components of the medium are complex 
it  is to be expected that on heating the system these complex compounds w ill 
alter. Therefore the sterilisation technique used fo r the preparation of the 
medium is also of concern here. The medium components are known to a ffect 
the surface tension as all proteins are surf active, therefore any technique 
which changes these proteins potentially affects the conditions within the 
f  ermenter.
52
Another factor which greatly affects  the oxygen transfer into the medium is 
foam formation and foam removal/breakdown. Winkler (1988) gives two methods 
in which the foam can be controlled. The mechanical foam-breaker device or 
the injection of anti-foam  chemicals. The introduction of an anti-foam  into 
the medium interferes with the oxygen transfer into the medium by changing 
the mass transfer coefficient, K^a.
The overall effectiveness of the oxygen transfer into the medium is one of 
the most important factors in the production of cytochrome P-450 and the 
general biomass yields. Since the level of required oxygen in the medium is 
very low fo r cytochrome P-450 to be produced, i t  is v ita l that the level is 
maintained as constant as possible at the optimum level fo r cytochrome P-450  
synthesis (Rogers and Stewart 1973). It  should be noted that during the 
diffe ren t growth phases of the yeast the optimum conditions fo r that phase 
w ill vary depending upon the c rite ria  fo r that phase ie maximum growth, 
maximum cytochrome P-450 synthesis, maximum stability of the yeast cell.
In the investigations carried out by Salihon (1984), the level of oxygen in 
the medium can be carefully controlled by maintaining the a ir flow into the 
ferm enter constant, and varying the s tirrer speed until the optimum value of 
dissolved oxygen tension is obtained fo r the maximum production of 
cytochrome P-450.
2 * 9 * 6  The e f f e c t  of tim e -p ro file d  oxygen ava ilab ility  on the biosynthesis 
of Cytochrome P -4 50  in Saccharomyces c e re v is ia e
The term "time-profiled" indicates that the parameter studied varies in a 
controlled fashion with respect to time. The other parameters which have 
been discussed, such as in itia l medium composition, a ir flow rate, innoculum
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were maintained at a set value throughout the experiment and are, therefore, 
termed "set-point" values. Most "uncontrolled" experiments can be assumed to 
be "naturally" tim e-profiled.
King (1983) was one of the f irs t  people to study the e ffec t of changing the
level of oxygen during the experiment. Starting w ith aerobic growth fo r 24
hours and then semi-anaerobically until the maximum P-450 was reached. King
(1983) found that the cytochrome P-450 normally peaked around 40 hours a fte r  
inoculating the shake flasks and that the level of cytochrome P-450 fe ll to 
zero a fte r 70 hours. A control flask was simply grown under aerobic
conditions. In the control experiment King found that the cytochrome P-450 
loss was faster than in the "profiled" experiment. Blatiak et al. (1980)
suggested that the slowing down of enzyme degradation may be due, in a 
semi-anaerobic condition, to the protection of the enzyme from  degradation.
Ishidate et al. (1969b) found another effect when they carried out work on a 
wild strain of Saccharomyces cerevisiae . The Cytochrome P-450 was reported 
as decreasing faster when the yeast was grown anaerobically and then exposed 
to aerobic conditions.
King (1983) carried out a series of experiments where the yeast was grown 
either aerobically or semi-anaerobically. King (1983) noticed that the peaks 
of the cytochrome P-450 occurred around the same time and that the yields of 
cytochrome P-450 were also about the same.
There is obviously some mechanism which effects the transfer of the yeasts 
growth conditions from aerobic to semi-anaerobic or anaerobic on the 
production of the cytochrome P-450. Trinn et al. (1982) tried  to explain the 
hysteresis which they observed on all measured parameters as a result of
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changing the volumetric a ir flow  rates. Trinn et al. explained this as being 
due to the flex ib ility  of the yeast cells to adapt to d ifferen t culture 
conditions.
Salihon (1984) computed a series of "tim e-profile" conditions fo r the 
s tirre r speed under which he claimed an improvement in the cytochrome P-450 
yield could be made. The results from these profiles were not tested 
experimentally, however details of the profiles are shown in Chapter 4. The 
variability  of the cytochrome P-450 yields is also examined later in this 
study.
2 ' 10 The e f fe c t  o f tem perature  on the biomass and Cytochrome P -450  
productions o f Saccharomyces ce rev is iae
The control of temperature is one of the most widely reported parameters in 
the literature reviewed here. The m ajority of workers have tended to use 
3 0 °C (Lim 1976; Gondal 1979; Woods 1979; Kârenlampi et al. 1981; Kârenlampi 
et al. 1982; Trinn et al. 1982; King 1983; Azari 1984; Blatiak 1987).
Lim (1976) investigated the e ffect of temperature on both the biomass and 
the cytochrome P-450 taking the temperature down to 25 “C . Lim found that 
the optimum production could be achieved at a temperature of 3 0 “C.
Salihon (1984) studied the effect of temperature w ith  respect to the other 
parameters such as medium compositions and oxygen and pH. The optimum 
set-point value that Salihon obtained was 26 - 4°C.
Trying to optimise the temperature affects many of the other parameters, 
however the parameter that is most affected is the dissolved oxygen tension, 
which in turn affects the required oxygen concentration in the medium. An 
increase in the temperature can decrease the dissolved oxygen tension. I f
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the temperature increases t:o  high, it  is possible fo r the dissolved oxygen 
tension to drop to extremely low levels causing the fermentation conditions 
to change from semi-anaerobic to anaerobic (Salihon 1984).
Winkler (1981), reports that the temperature has been shown to a ffect the 
in terfacial oxygen concentration and hence the oxygen transfer rate  from  the 
gas phase to the fermentation medium,
2" 11 The e f fe c t  o f pH on the biomass and Cytochrome P -4 50  production  
o f Saccharomyces cerev is iae
The pH of the medium affected the reaction velocity of an enzyme.Lim (1976) 
suggested that the optimum pH, fo r  the production of cytochrome P-450 in 
Saccharomyces cerevisiae NCYC 240, to be between 4 and 5. I f  the pH dropped 
below 3 or above 7 the cj^tochrome P-450 peak dropped significantly (Lim 
1976).
Trinn et al. (1982) maintained their continuous culture of Saccharomyces 
cerevisiae H1022 at pH 5*0 . The pH was altered by additions of 4N sodium 
hydroxide.
For shake flask work it  is more d ifficu lt to maintain the pH throughout the 
experiment. When Karenlampi et al. (1981) worked on their shake-flask 
experiments they kept the in itia l pH between 4*7 and 5 5.
Salihon (1984) carried out both shake-flask experiments and set-point 
optimised batch fermentations. In the case of the shake-flasks Salihon found 
that the optimum in itia l pH was between 4*8 and 5*2. For the set-point 
experiments Salihon (1984) found that the optimum pH was 5*04. In his
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studies Salihon found that there were interactions between the variables 
optimised, therefore i f  any one variable was re-optimised then all the 
variables required adjusting for th e ir new optimum.
2-12 The evidence fo r  and against the relationship between Cytochrome 
P -4 50  biosynthesis and biomass production o f Saccharomyces cerev is iae  
There have been many reports about the growth phases in which the cytochrome 
P-450 is produced. In a batch f  ermentation there are four easily 
recognizable phases. These are the lag phase, the exponential phase, the 
stationary phase and the death phase. In the death phase there appears to 
be no synthesis of the enzymes cytochrome P-450.
For batch fermentations the in itia l concentrations of the medium components 
w ill change as the fermentation progresses. Some of these conditions and 
medium compositions have already been investigated such as glucose 
concentration. The glucose concentration normally starts a t a very high 
level and drops as the fermentation progresses to a low level or, in some 
cases, to an undetectable level. The synthesis of the cytochrome P-450 
requires glucose-repression (King et al, 1982a). Glucose-repression occurs 
at the s tart of the fermentation when the glucose level is high (greater 
than 6%). At the end of the fermentation the level of glucose drops and a 
condition of glucose-de-repression occurs. The biomass at the start of the 
fermentation is known to be in the lag phase of growth. During the 
exponential phase, the biomass concentration increases rapidly and the 
utilization of the glucose source is also rapid and can be related to the 
yeast biomass via a series of stoichiometric equations. The production of 
cytochrome P-450 also starts to occur at some point during the exponential 
phase. The peak of the yeast biomass separates the exponential phase from  
the stationary phase. The level of cytochrome P-450 has been reported by 
Wiseman et al. (1975), Woods (1979) and King et al. (1982a), to peak at this
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point or just before the biomass peak. It  was therefore reported by Wiseman 
et al. (1978) that it  is not possible to relate the level of cytochrome 
P-450 to the biomass peak. The timing of the two peaks is an important 
point. The occurrence of the cytochrome P-450 peak, before or a fte r the 
biomass peak, is controversial even within the workers at the University of 
Surrey, The exact order in which these two peaks occur is subject to much 
discussion. Chapter 9 of this study investigates the time of occurrence of 
the two peaks w ith the aim of trying to determine which comes firs t. The 
position of the peak yields determines the optimum method under which the 
yeast should be grown to produce a maximum yield of the enzyme.
Kârenlampi et al. (1981), working w ith a continuous culture ferm enter, found 
that they could predict the cytochrome P-450, peak and the occurrence of 
this peak, when related to the biomass peak. Karenlampi et al, (1981) found 
that the cytochrome P-450 peak occurred at the s ta rt of the stationary 
phase.
Salihon (1984) in his optimisation work had to find a suitable model so that 
the prediction of cytochrome P-450 yield could be incorporated into his 
optimisation programs. The original model that Salihon (1984) used fo r the 
biomass was the Logistic model, and fo r the cytochrome P-450 he chose a form  
of the Leudiking equation. In Salihon’s models the assumption was made that 
the cytochrome P-450 was produced from the start of the fermentation and 
that the cytochrome P-450 was related to the biomass concentration. This may 
have been incorrect but since most of the reports contradict each other as 
to whether the cytochrome P-450 is present in significant quantities, before 
or a fte r the biomass yield peaks, it  is d ifficu lt to know. In the case of 
Salihon (1984) he developed his own models from his experiments.
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I t  is also d ifficu lt to relate the results of work carried out in 
shake-flasks with those obtained in a fermenter. In a shake-flask with only 
1000ml or even 100ml the sampling cannot be as frequent as those taken in a 
5000ml fermenter due to the lim ited amount of fermentation broth, but more 
replication can be achieved. Ideally the investigation should be carried out
under sim ilar conditions as those used by Kârenlampi et al. (1981), fo r
standardisation of results, however when Salihon (1984) carried out his 
experiments he noted that the occurrence of the cytochrome P-450 peak 
occurred a fte r the biomass peak, this disagrees w ith  the results obtained by 
Wiseman et al. (1975), Woods (1979) and King et al. (1982a). The importance 
of the occurrence of the two peaks is a subject of much discussion between 
the researchers at the University of Surrey. The improvement in assay 
techniques and the increased sampling frequency has allowed the point of the 
two peaks to be investigated fu rther. For industrial purposes and economic 
assessment of the cytochrome P-450 synthesis the saving of hours of
ferm enter time can lead to improvements in overall productivity.
Advanced warning that the enzyme concentration is about to reach its maximum 
allows fo r the downstream processing equipment and materials to be assembled 
in time. Ideally when the ferm enter is harvested the various autoclaves need
to be cooled as do the buffers and storage vessels. Ice has to be obtained
and the cell disrupter cooled. All this requires about one hour in
preparation. Therefore i f  it  can be determined that the cytochrome P-450 is 
about to reach its maximum yield within the next hour it  is possible to 
prepare, ensuring minimum degradation of the enzyme and fastest possible
processing times. In terms of stopping a fermentation the amount of time to 
cool the fermentation broth is also significant i f  the growth of the yeast
is to be stopped.
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However the most fundamental point has to be made in so fa r  as the detection 
of the peak cytochrome P-450 enzyme yield is concerned. I t  can only be made 
a fte r the maximum yield has been recorded and the yield is decreasing. In 
terms of an industrial process this can lead to substantial losses in the
production of a product and in the economics of the process. The detection 
of the peak yields of biomass and the enzyme are important in making
fundamental choices of fermenter design, ie continuous or batch.
2"13 The e f f e c t  of  ethanol
The production of ethanol from Saccharomyces cerevisiae has been carried out 
fo r thousands of years. The production of ethanol has become a major 
industry not only fo r alcoholic drinks but more recently as a source of 
fuel.
2" 13" 1 The e f f e c t  of  ethanol on biomass production o f Saccharomyces  
ce rev is iae
Ethanol has pleiotropic effects on yeast including inhibiting cell
multiplication rate (Moulin et al., 1984), fermentation rate  and yeast
viability (Troyer, 1953; Thomas & Rose, 1979; Brown et al., 1981; Jones & 
Greenfield, 1985).
Blatiak (1987) listed three conditions under which the growth of yeast may
stop. These were the depletion of nutrients in the growth medium, the 
accumulation of products of the yeasts own metabolism which are toxic to the 
cell at high concentration (such as ethanol) and other environmental
resistance parameters.
Day et al. (1975) and Hayashida et al (1974) have published a series of 
ethanol tolerance values fo r some of the Saccharomyces species of yeast (see 
table 2*9).  The ethanol tolerance of ethanol in yeast was mentioned by
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Blatiak (1987) as the concer.iration of ethanol in the growth medium that 
reduced the rate of sugar utilisation by a stipulated amount. The ethanol 
tolerance is a reproducible property of any yeast strain.
S accharom yces  Y e a s t Et hano l  To lerance
I n d u s t r  i a 1 u s e , Inh i bi  t o r y  Level
Species a n d  S t r a i n of  E t ha n o l  % v /v
Ale  B r e w i n g  Y e a s t s
S acch aro m yces  c e r e v i s i a e AB 1 9
S acch aro m yces  c e r e v i s i a e AB 80 9
S acch aro m yces  c e r e v i s i a e NCYC 1245 9
Lager b r e w i n g  y e a s t s
S acch aro m yces  c a r  I sbergensis AB 140 11
Sacchar om yces  c a r  I sbergensis AB 97 9
Sacchar om yces  c a r  I sbergens is NCYC 1324 11
Sake b r e w i n g  y e a s t s
Sacchar om yces  c e r e v i s i a e NCYC 478 9
Sacchar om yces  c e r e v i s i a e CBS 1198 9
Sacchar om yces  c e r e v i s i a e  
Sugar t o l e r a n t  ye a s t s
Kyoka  i 
No.  7
20
S acch aro m yces  r o u x i i AB 197 7
S accharom yces  r o u x i i AB 283 7
S accharom yces  d i a s t a t i c u s AB 88 1 1
S acch aro m yces  b a i l i i NCYC 464 13
Table 2» 9 Ethanol to lerance o f yeasts 
(Data obtained from  Day et al.  1975 and Hayashida 1974.)
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Since this project deals w ith  the variability in the production of 
cytochrome P-450, the importance of the ethanol tolerance on the yeast 
Saccharomyces cerevisiae  in terms of actual biomass produced is less 
important than its overall e ffect on the cytochrome P-450. The general 
levels of ethanol measured by Blatiak (1987) under sim ilar conditions to 
Salihon (1984) w ith the yeast Saccharomyces cerevisiae  are substantially 
less than the inhibitory values shown in the table 2 9. The ethanol can 
therefore be studied fo r the e ffec t on the cytochrome P-450 as opposed to 
the effect on the biomass.
2 - 13 - 2  The e f f e c t  of  ethanol to x ic ity  on Cytochrome P -450  biosynthesis 
Del Carratore et al. (1983) suggested that the decline of cytochrome P-450  
at the end of the exponential growth phase in Saccharomyces cerevisiae is 
due to the increase in the ethanol concentration.
Blatiak (1987) reports that, in the presence of 13% v /v  ethanol, there was a 
to ta l loss of cytochrome P-450, whereas with lower concentrations such as 3% 
and 7% v /v  the cytochrome P-450 survived fo r at least 40 minutes before 
being undetectable spectrophotometrically. These experiments were carried  
out using Saccharomyces cerevisiae NCYC 240 and yeast microsomal fractions, 
measuring the reduced form of the cytochrome P-450.
I t  has been suggested that the cause of the increased rate  of degradation is 
the effect on other enzymes such as hexokinase which are responsible fo r the 
rate  of glycolysis, (Blatiak 1987). Israel et al. (1969) suggested that the 
ethanol has an effect on the amino acid transport, but Blatiak (1987) found 
that the ethanol immediately caused cytochrome P-450 degradation so these 
theories were not relevant in this case.
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Blatiak (1987) continued his research into the ethanol e ffect by studying
the effect of other alkancls. These results showed that the greater the
number of carbon atoms in the alcohol the lower the concentration of the
alkanol was required fo r faster denaturing of the cytochrome P-450 in the
whole yeast w ith the exception of ethanol, which was anomalous, and 
inhibited the denaturing of the cytochrome P-450. The presence of methanol 
was found to greatly accelerate the denaturing of the Cytochrome P-450. This 
was an especially important finding as the quantities of these other
alkanols in the fermentation broth is small but none the less detectable.
Lim (1976) studied the situation when Saccharomyces cerevisiae  was grown 
w ith 5% v /v  ethanol added to the in itia l medium. The fin a l concentration of 
cytochrome P-450 was not significantly d ifferen t when compared to the 
control with no ethanol, Karenlampi et al. (1981) transferred yeast into an
ethanol containing medium of 2-5% v/v ethanol. A fter 50 minutes a ll the 
cytochrome P-450 was lost. This was, however, attributed to the low glucose 
concentration in the medium as opposed to the ethanol.
Studying the effect of ethanol, on the yield of cytochrome P-450 is complex.
This is due to the fac t that the concentration of ethanol, in the medium, is
not the same as that measured inside the yeast cell. Winkler (1983) suggests 
that with ethanol of intracellular origins, the concentration of the ethanol 
inside the yeast cells w ill be higher than outside the cell (ie. the 
measured concentration) but w ith added ethanol, the concentration w ill be 
higher outside the cell than inside the cell. Salihon (1984) assumed that
the effect of the ethanol would come mainly from  the ethanol inside the
yeast cell. The origin of the ethanol (whether intracellular or
extracellular) would dictate what concentration of ethanol, in the
fermentation broth, is harmful.
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The removal of the ethanol from  the fermentation broth was studied by 
Blatiak (1987) who used activated carbon and zeolite. In the case of the 
activated carbon, Blatiak found that more than just the ethanol was removed 
from  the growth medium. The yield of the cytochrome P-450 dropped slightly 
when compared to the control experiment. This was attributed to the 
activated carbon absorbing some of the more important nutrients as well as 
the ethanol. The use of Zeolite also gave a small decrease in cytochrome 
P-450 yield. These decreases were described as surprising by Blatiak (1987). 
He stated that the decreases were not significant.
To overcome the potential contamination of the medium Blatiak (1987) tried  
alginate beads w ith Zeolite encased in the beads. As a control Blatiak 
encased glass beads of similar size to the Zeolite pellets in the alginate 
beads. The results from  these experiments were also found in significant 
with respect to the yield of the cytochrome P-450.
Blatiak (1987) suggests that the use of Zeolite in this way could be used in 
the ethanol-free beverage production. However the absorption of ethanol in
zeolite is surpassed by the absorption of w ater (A. Bono, private 
communications). On fu rther investigation and discussion w ith co-workers of 
Blatiak, it  is believed that Blatiak may have used a silicalite and
incorrectly called it  Zeolite. The use of silicalite by Lencki et al. (1983) 
found that the reduced external ethanol concentration has litt le  effect on 
the fermentation rate. This could be due to the enormous concentration 
difference across the cell w all, because the silicalite preferentially  
absorbs the ethanol. No details are given about the mechanism of the
ethanol transfer into the medium or the yield of cytochrome P-450 in this
yeast.
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Ethanol has little  effect in -he production of cytochrome P-450 except in as 
much that the yeast cells w ill cease to grow when the ethanol reaches the 
upper tolerance levels shown in table 2*9.  The major drawback is that, due 
to the very low dissolved oxygen tension required fo r cytochrome P-450  
production, (Rogers and Stewart 1973) ethanol is going to be produced. This 
encourages the production of more ethanol at the expense of the biomass 
yield (Trinn et al. 1982).
2 ' 14 Medium Composition
The choice of which type of medium to use fo r the production of cytochrome 
P-450, from yeast, depends very much upon the raw  materials available and 
the strain of yeast being used. Many different workers have used greatly 
differing  medium concentrations. Winkler (1983) states that in the operating 
cost of production scale fermentation about three-quarters is due to the 
medium cost alone.
Gordon and Stewart (1971) and Rogers and Stewart (1973) used a 
"semi-defined" medium when working with a w ild-type diploid strain of 
Saccharomyces cerevisiae. The medium composition is shown below in 
table 2*4.
With this medium (optimising w ith respect to the dissolved oxygen tension),
a maximum biomass of 4-Og dry weight per litre  could be obtained. The
cytochrome P-450 maximum achieved was 64 - 0 nmol per g dry weight.
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M e d i a  Component C o n c e n t r a t i o n  g/1
Y e a s t  E x t  rac t 5 - 0
Ammoni um Sulphate 1*2
C a 1 ci  um Ch l or i de O' 1
S o d  ium C h l o r i d e 0 - 5
P o t a s s i u m  Sulphate 2 0
F e r r i c  C h l o r i d e 0 * 0 0 3
G a 1 ac t  o s e 4 0 * 0
T able 2 -4  Media composition as used by Gordon and S tew art (1971) and
Rogers and S tew art (1973).
Trinn et al. (1982), working w ith a continuous fermentation, used the medium 
composition suggested by Hug et al. (1974) shown below in table 2 5.
With this medium a biomass concentration of 6 -0  g dry weight per litre  was 
obtained with a maximum peak cytochrome P-450 yield of 17*0 nmol per g dry 
weight yeast.
66
M e d i a  Component C o n c e n t r a t i o n  g/1
G l u c o s e 30 00
( N H 4 ) 2 SO 4 4 6 6 0
( N H 4 ) 2 H P O 4 1 4 9 0
KCl 0 6 7 0
MgSO 4 ' 7H 2 0 0 3 5 0
C a C 1 2 • 3H 2 0 0 3 2 0
F e C l 3 • 2 H 2 O 0 0 1 1 1 8
M n S 0 4 • 2 H 2 Ü 0 0 0 8 1 5
Z n S 0 4 • 7 H 2 O 0 0 0 6 9 9
C u S 0 4 • 5H2 Ü 0 0 0 1 8 1
M -  i n o s i t o l 0 0 4 6 6
C a l c i u m  pantot henat e 0 0 2 3 3
T h i a m i n e  hydrochlor ide 0 0 0 4 6 6
P y r i d o x i n e  hydrochlor ide 0 001 16
B i 0 1 in 0 0 0 0 0 2 3
Table 2»5 Media composition as used by T rin n  et al (1982)
The researchers both at Kuopio University (Karenlampi et al. 1980; 1981; 
1982), and the research workers at the University of Surrey (Lim 1976; 
Gondal 1979; Woods 1979; King 1983; Azari 1984; Blatiak 1987) used the 
medium formulation shown below in table 2-6.
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Media Component Concent ra t ion g/1
G lucos e 2 0 0 - 0
M y c o l o g i c a l  peptone 2 0 - 0
Yeast  e x t r a c t 1 0 - 0
Sodium c h l o r i d e 5 - 0
Table 2- 6 Media composition as used by the U n ivers ity  o f Surrey group and
the U niversity  of Kuopio group.
Both of these groups managed to achieve 50g wet weight per litre  of yeast 
and a maximum peak yield of cytochrome P-450 of 4 nmol per g wet weight of 
yeast, using Saccharomyces cerevisiae NCYC 240. This medium composition used 
more than the manufacturer’s recommended quantity of mycological peptone. 
The reason why Lim 1976 f irs t  started to use this particu lar quantity is not 
known, but Salihon (1984) realised that it  would be necessary to optimise 
all four components of this medium. The "optimised" values obtained by 
Salihon (1984) are shown below in table 2*7 .
Media Component C oncentration  g/1
G 1uco s e 141-3
M y c o l o g i c a l  peptone 10-4
Y east  e x t r a c t 16- 9
Sodium c h l o r i d e 0 - 9
Table 2*7  Media composition as used and optimised by Salihon (1984)
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With this medium formulation Salihon achieved a maximum biomass yield of 
14*7 g dry weight per litre  and the average maximum cytochrome P-450 peak 
yield of 12-8 nmol per g dry weight yeast.
This was the medium formulation used in this project.
2" 15 Antifoam  selection
This is important in stirred and aerated fermenters as it  stops excessive 
foaming. Only one antifoam has been reported, in the reviewed literature fo r
workers, in the cytochrome P-450 field. This antifoam is polypropylene
glycol with a molecular weight of 2000. This antifoam was also used in the 
continuous fermentations' of Lim (1976) and Trinn et al, (1982). There seems 
to be no counterproductive effects reported fo r the yeast strains 
Saccharomyces cerevisiae NCYC 240 or H1022.
Salihon (1984) did not find the optimum amount of antifoam fo r cytochrome 
P-450 production but optimised the s tirre r speed to control the oxygen level 
in the ferm enter, (see section 2 9). He also reported no counterproductive 
effects fo r Saccharomyces cerevisiae NCYC 754. The use of polypropylene 
glycol was continued in this project.
2*16 The choice o f batch ferm entation  over continuous ferm entation  
In the review so fa r  there has been work carried out in both continuous and
batch fermenters. There are many advantages of continuous fermenters over
batch f  ermenters, such as continuous product collection, steady state 
conditions, and simple changes in fermentation conditions. All of these 
conditions can be carried out in one series of experiments as opposed to 
several batch experiments. (Herbert et al, 1956; El s worth et al. 1959; 
Winkler 1983a; and Kâppeli 1986a). In spite of these advantages there are 
several reasons fo r using a batch fermentation system in this project.
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Studies of the various parts of the yeasts growth cycle were to be carried  
out by other workers at the same time as the standard experiments. The 
formation of the cytochrome P-450 in the yeast may not be growth related. I f  
this is the case, and the cytochrome P-450 is produced at the end of the 
fermentation cycle, then the use of a continuous ferm enter w ill not be 
possible because of the complex nature of the cell recycles. These would be 
required to ensure that the cells were not washed out from  the system.
The use of "reasonable cleanliness" as described by Hixson and Gaden (1950) 
may lead to the contamination of the whole continuous production. Rogers and 
Steward (1973) noted that the level of the dissolved oxygen in the fermenter 
was critical fo r the production of cytochrome P-450. Even a trace  
contamination can greatly e ffect the oxygen available to the yeast, and 
could therefore e ffect the yield of the cytochrome P-450.
At the start of this project much work was being done on the downstream 
processing of the cytochrome P-450. The use of a batch fed cell disrupter to 
obtain the microsomal fraction of the yeast does not allow fo r the 
continuous processing of the fermentation products. I t  was known that the 
degradation of the cytochrome P-450 occurred quickly a fte r the peak yield 
had been obtained Sadler (1986). Even though clean conditions appear to 
satisfy the yeast, when synthesising the cytochrome P-450, aseptic 
conditions are more easily obtained when using a batch fermenter. For these 
reasons batch fermentation was used.
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CHAPTER 3
MATERIALS AND METHODS
3 ' 1 Introduction
The production of the enzyme cytochrome P-450 from  Saccharomyces cerevisiae 
has been studied biochemically by many workers around the world. The study 
of the optimised production of the enzyme has, however, not been studied in 
such detail. I t  was when Salihon (1984) produced an optimised set of 
parameters to produce large quantities of cytochrome P-450 that the effects 
of various other variables, such as yeast extract batch, autoclaving time 
and the degree of control from  the computer system, were found to a ffect
the yield of the cytochrome P-450.
In this chapter the methods and the equipment w ill be discussed as well as 
the degree of the accuracy of a ll the parameters measured. The la tte r w ill 
be assessed and used later in this study,
3 2 M ateria ls  used in the p ro je c t
During the period of research, many components of the materials have 
changed. This is especially true in terms of the medium used and the 
control systems available fo r small fermenters. New devices are easily
added as they become more readily and cheaply available.
3 ' 2 ' 1  Medium
The medium used in this project was obtained from  various sources. The 
suppliers are shown below in table 3-1.
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M e d i a  Component S u p p 1 i er
D -  ( + ) - G  1 ucose 
9 7% a - a n o m e r  
3% / 3 - a n o me r
Sigma C h e m i c a l  Company 
S t L o u i s ,  USA
Myco l o g i c a l  Peptone  
MC9 an  a c i d  peptone
LAB M 
B u r y ,  L a n c a s h i r e
Y e a s t  E x t r a c t  
M C I  ( P o w d e r e d )
LAB M 
B u r y ,  L a n c a s h i r e
S o d i u m  C h l o r i d e  
A n a l y t i c a l  R eagent
M & B 
D ag e n h a m ,  UK
Table 3.1 Media components and suppliers.
In la ter chapters the analysis of varying batches of the individual medium 
components, is analysed, in order to investigate the variation in the 
yields of the cytochrome P-450.
3 * 2 * 2  pH control acid and alkali
The pH control fo r  the ferm enter is maintained by small additions of 4 N 
NaOH and 4 N HCl. The high concentration was used because the reservoirs 
holding the acid and alkali were open to the a ir. This was because 
peristaltic pumps were used fo r the pH control. A lesser concentration 
could have been used, but no contamination or control problems were 
encountered w ith the ferm enter using these high concentrations. The 
f  ermenter was checked f  or contamination by taking aliquots of the 
fermentation broth before and a fte r inoculation of the ferm enter. Usually 
the ferm enter was allowed to stand fo r up to 12 hours before the fermenter 
was inoculated under set-point control. This enabled a constant temperature 
and pH to be reached at the s tart of each experiment.
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By using the high concentrations of acid and alkali it  was found that the 
specific volume of the fermenter did not alter when the samples were taken. 
A more dilute acid /a lka li would have caused the ferm enter to overflow and a
more concentrated solution would have reduced the working volume of the
ferm enter, as the sampling progressed.
The suppliers of the Sodium hydroxide and the Hydrochloric acid are shown
below in table 3*2.
Co mp o n e n t S u p p l i  e r
H y d r o c h l o r i c  A c i d  
36% w / w
Sodium H y d r o x i d e  
( p e l l e t s )  >96% NaOH
M & B 
Dagenham , UK
M & B 
Dagenham , UK
Table 3 .2  Supplier of acid and alkali
In both cases the solutions were diluted w ith single distilled water. No 
contamination was found in either reservoir.
3 *3  Methods used in the p ro je c t
The standard biochemical methods normally associated w ith  the research, in 
a biochemical laboratory, are given below. This is because the engineer’s 
understanding is not always as detailed as that of a biochemist.
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3 ' 3 ' 1  Autoclaving and general s te rilisa tio n  techniques
The sterilisation of the media and fermentation vessels is one of the most 
important techniques in the research carried out fo r this project.
The media fo r the seed cultures was autoclaved in a Prestige Portable 
Autoclave. This carries out the sterilisation at ISpsi or at a temperature
of 121 “C. The time spent in the autoclave is of great importance ie the 
medium, contained in the 250ml conical flasks, should be allowed to reach a 
temperature of at least 115 "C, The flasks are sterilised fo r  at east 15
minutes and allowed to cool on the bench.
The larger quantities of medium, fo r the ferm enter, are placed in an 
autoclave {a Matburn Surgical Autoclave). The glucose component is placed 
in a 5 litre  flask and dissolved in 3 litres of distilled w ater. The rest 
of the media components are placed into a 3 litre  conical flask and
dissolved in 1 litre  of distilled water. The two flasks are placed into the 
autoclave fo r about 1 hour at 15 psi. At the end of the sterilisation  
period the flasks are le ft, in the autoclave, to cool to room temperature.
The ferm enter is also autoclaved. This is done in the Matburn Surgical 
Autoclave. The dissolved oxygen probe le ft in position in the fermenter,
can be autoclaved in situ. The pH probe cannot be steam sterilised, it  is 
instead washed clean of any adhering particulate m atter and immersed in 4N 
HCl fo r 1 minute, before being replaced in the sterilised ferm enter.
The ferm enter is autoclaved fo r 10 minutes at 10 psi, a temperature of 
110 “C. The result is that the fermenter is hygienically clean but not 
sterile. To ensure that there is no contamination in the ferm enter is
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in itia lly  washed thoroughly and all the ports are flushed through w ith cold 
tap water. Any particulate m atter adhering to the ferm enter surfaces is 
removed. The dissolved oxygen probe is autoclaved in situ  w ith the 
fermentation vessel. The pH probe is not designed to be heat sterilised, 
and is therefore sterilised by being washed f irs t  in w ater to remove any 
particulate m atter adhering to the surface. I t  is then rinsed w ith double 
distilled water w ith  a fina l rinse of 4N HCl before being replaced in the 
f  ermenter.
All the pressure vessels were regularly checked twice a year in accordance 
w ith the Health and Safety Executive regulations. Additionally the heating 
and cooling cycles were checked using thermocouples. Thermocouples were 
also inserted in the flasks being sterilised in order to check the
effectiveness of the heat sterilisation. See chapter 8 fo r analysis of the 
sterilisation technique and its e ffect of the yield of cytochrome P-450.
3"3"2 Inoculum preparation  and seeding o f the fe rm e n te r  
The inoculum of the seed cultures is done using the "standard"
(platinum -wire-loop) sized quantities of yeast. Eight 250 ml flasks are 
prepared with the low glucose media and are each inoculated w ith two 
"standard" loops from  a single agar slope. The eight flasks are then placed
in a shaking w ater bath. The flasks are shaken at a frequency of 1.5Hz.
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3 * 3 * 3  Control experim ents.
In a ll biological experiments, it  is very important to run a series of
control experiments alongside the series of experiments being undertaken. 
The main reason fo r doing this is to avoid confusion in the results and to 
ensure that any unusual results can be statistically proved.
When running experiments in the fermenter i t  is also important to run a 
control experiment in parallel so that a number of parameters can be
checked. In itia lly  the control shake flasks gave an indication when the
Y
ferm enter had been contaminated, since a sample of the media was taken
before the ferm enter was inoculated. The use of a control sample taken, 
a fte r  the ferm enter had been seeded, ensured that the results obtained fo r  
any one experiment could be compared w ith the results published by other 
workers in this fie ld  including the Biochemistry Department at the
University of Surrey. The use of shake flasks also allows comparison 
between the yields of the shake flask and those obtained in the fermenter.
3 * 3 * 4  Biomass and cell number estimation
The yields of yeast biomass are given in several d ifferen t ways. The
simplest way fo r recording the biomass is as a "wet weight". This is the 
amount of yeast measured a fte r centrifuging a known volume of culture (in 
this project 20ml). The resulting pellet of yeast is weighed a fte r the
supernatant is poured o ff. This gives the wet weight of the yeast. Even
though this is a very simple measure of the biomass, reproduction of 
results can pose a problem.
The reproducibility of the results depends very much on the speed of the
centrifuge step, the length of time fo r centrifuging and the method of
77
removal of the supernatant. The resulting measure gives a value of grams 
per unit volume. A more accurate and reproducible method is sim ilar to the 
wet weight technique but, once the supernatant has been poured o ff, the 
yeast is placed into a drying oven and allowed to reach a constant weight. 
This measure of biomass is called the "dry weight". This method fa ils  to 
permit cytochrome P-450 measurement within the same sample. This results in 
the total assay time being extended by several hours, whilst the biomass 
samples are dried and analysed.
Measurement, of the cell number, is done using a haemocytometer. This 
technique can be used to estimate the biomass of the culture. This is a 
microscopic technique that requires a small sample of the culture to be 
taken and placed on a specially prepared microscope slide which contains an 
etched grid. Once the volume of the haemocytometer is known, the number of 
cells can be counted. This w ill, however, include live and dead cells . In 
this study a budding yeast was used. This presented a problem when the 
haemocytometer was used because, cell aggregation made the cell counting 
d ifficu lt. Breaking up the aggregated cells caused cell debris to appear on 
the haemocytometer, giving an inaccurate count of the cell number. The 
resulting measure gives a value of cells per unit volume of culture.
All the techniques mentioned so fa r  do not give the viable biomass but 
include, in each measurement, both dead and viable cells. One last 
technique is to obtain a viable cell count. Again a known volume of the 
culture is taken. The culture volume is diluted w ith  sterile w ater and a 
series of agar plates are inoculated with known amounts of the diluted
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culture. A fter a period of incubation the colonies of the individual yeast 
cells, now visible on the agar plates, can be counted and an estimation of 
the total number of viable cells per unit volume of culture can be made.
The measure of the biomass as a wet weight is the easiest of the methods 
used. A sample is taken from the fermenter and placed in a bench-top 
centrifuge. The sample is spun at 7000*g fo r 15 minutes. At the end of this 
period the centrifuge is stopped as fas t as possible, to avoid heating the 
sample. The supernatant (the liquid covering the sample) is then poured o ff  
leaving a pellet of yeast at the bottom of the tube. The weight of the 
yeast is easily measured.
The use of dry weights is also used in determining the amount of yeast in 
the fermenter. However the determination of dry weights involves heating 
the yeast to drive o ff excess moisture. I f  this is done the cytochrome 
P-450 is denatured. Salihon (1984), in his thesis, showed that it was 
possible to determine the dry weight from  the wet weight, w ith  reasonable 
consistency. A decision was made to avoid lengthy procedures when all of 
the available biomass measurements are reported as unreliable. Provided the 
same procedure was accurately followed then the unreliability of the 
measurements could be ignored when comparative studies were being made on 
the same system. This allows the use of wet weight samples being converted 
into a dry weight reading. Samples of 20ml and 40ml were taken and dried 
a fte r recording the wet weights. There was a good correlation between these 
weights so that it  was possible to convert directly from  wet to dry 
weights. Figure 3*1 shows the results obtained during these experiment.
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FIGURE 3-1
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The amount of viable biomass in the measured cells was not measured, but 
research carried out recently by Leung (personal communications 1989) 
indicates that there is a large discrepancy between the wet weight values 
of biomass and the viable cell mass. The viable cell mass depends upon the 
state of the fermentation. It was found that the overall wet weight of the 
yeast consisted of viable and dead cells. The ratio  of viable to dead cells 
depends upon the time and phase of the fermentation. The viable cell mass 
accounts fo r many cells which can be assumed to be almost dead and which, 
by being placed into a nutrient rich environment, recover. The samples also 
contained many cells of d ifferen t sizes and ages and therefore, measuring 
viability in the cells sampled, is more d ifficu lt. This is being 
investigated by other workers at the University of Surrey.
The measurement of biomass concentration is one of the the f irs t  steps in
the assay of cytochrome P-450. The number of discrepancies noted in a ll of 
the above methods does not immediately indicate which of the above methods 
is the best. As fa r  as the workers at the University of Surrey are 
concerned, there is a necessity fo r a reproducible method that does not 
destroy the product in the yeast cells. Therefore it  has been standard
practice to use the method of wet weight analysis following stric t rules
fo r centrifuging and the removal of the supernatant. From the above figure  
3*1 it  is apparent that the method of wet weight analysis is easily 
repeated and the results are repeatable from experiment to experiment.
3 * 3 * 5  Cytochrome P- 450  assay
The cytochrome P-450 assay has been taken from  the techniques developed by 
Omura and Sato (1964) as modified by Wiseman (1975). In the techniques
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described in their paper the authors took microsomal fractions of the 
cells, whereas in this project the cells were analysed intact. The 
technique fo r the analysis has been refined over several years by many 
workers. The standard technique used in the case of the yeast cytochrome 
P-450 assay is to take the yeast sample, spin down the yeast sample in a 
centrifuge, wash the yeast in a phosphate buffer and re-centrifuge to 
obtain the wet weight. The sample is diluted to a 1 in 10 suspension in 
phosphate bu ffer based on the w et weight measured. A few  milligrams of 
solid sodium dithionite ( Na^S^O^) is added to ensure that the sample is 
kept in a reducing environment. The sample is placed into two cuvettes and 
analysed in a spectrophotometer. The sample in one of the cuvettes is 
gassed w ith carbon monoxide (CO) and the samples are rescanned in the 
spectrophotometer. The gassing ra te  is very important as is described later  
in this chapter. The difference in the two spectra is measured at 450nm. 
Knowing that the extinction coefficient is 91.0 mM~^cm~\ i t  is possible to  
calculate the concentration of cytochrome P-450 in mMol per sample using 
the equation:-
C =  T T -  ................................ 3 1
where A=Absorbance measured on the spectrophotometer 
E = E x tin c tio n  coef f i c i ent  (mM  ^ cm  ^ ) 
l= L ig h t path length (cm)
There were slight modifications made to the analysis of the cytochrome 
P-450. Since the bench top centrifuge was not cooled, it  was found that by 
carrying out a single centrifuge step as opposed to two, there was less 
cytochrome P-450 degradation. The analysis could therefore be speeded up 
allowing less time fo r the dénaturation of the enzyme. (See Section 3-4*1).
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A fu rther change was made by using distilled w ater instead of O.IM 
phosphate buffer. A series of experiments showed that there was no 
significant difference in the measured concentration of cytochrome P-450  
when the dilutions were made w ith distilled water. (See Section 3-4*2) .
3 ' 3 ' 6  Maintenance o f the Yeast Saccha.romyces c e re v is ia e ,
As reported in the previous chapter the maintenance of the yeast is very 
important in obtaining the maximum yield of the cytochrome P-450. Blatiak 
(1987) and King et a l. (1982a) indicated that i t  is v ita l to maintain fresh 
slopes of the yeast and that i f  any of the slopes were older than two weeks 
old, then the yield of cytochrome P-450 starts to decrease rapidly.
To prevent this happening the yeast slopes were subcultured every three to 
four weeks. A flask of the yeast was grown from  a stock slope. About 10 
agar slopes were prepared from  this culture. The slopes were incubated fo r  
between 36 -  48 hours at 30°C. The slopes were kept at 4"C until needed.
3 ' 3 ' 7  Equipment used in the p ro je c t
Photographs of the equipment are shown below along w ith the schematic 
diagram (Figure 3 -2)  of the operating system on the LH 51 ferm enter.
3 *3*7*1  The Shaking W ater Bath
A standard linear shaking water bath was used to incubate the shake flasks 
at a temperature of 25 “C. The frequency of the w ater bath was 2Hz and the 
stroke length was 5cm. Figure 3*3  shows the shaking w ater bath.
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The shake flasks used in all the experiments were 250ml wide bottomed 
conical flasks. The wide bottomed flasks were used to increase the oxygen 
transfer into the broth. The earlier research indicated that there was a 
better yield of cytochrome P-450 from  these flasks as opposed to the narrow  
bottomed flasks.
Each flask was filled  with 100ml of media before inoculation with the 
yeast. In the case of the shake flasks no anti-foam  was added unless the 
flasks were being used as the control fo r the 51 ferm enter.
3 * 3 ' 7 * 2  The 5 l i t r e  Ferm enter
The 51 ferm enter was a LHIOOO which had been modified to be run from  an 
APPLE ][ computer using the Electrolux Fermentation Package. The fermenter 
was 51 in size but had a 41 working capacity. The diagram below shows a 
schematic diagram of the ferm enter and the connections from  the probes and 
meters to the APPLE ][ computer (Figure 3*2) .  Figure 3 *4  shows the 
ferm enter vessel w ith the probes inserted, connected to the control system. 
Figure 3*5  shows the overall configuration of the ferm enter system as seen 
schematically in Figure 3 2.
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3 - 3 - 7 - 2 - 1  The Control system
The control system in both the set-point and tim e-profiled control was 
carried out using the Electrolux Fermentation Package. The control system 
allowed a FID control strategy to be implemented. The pH was maintained by 
additions of 4N NaOH or 4N HCl. The temperature of the circulating cooling 
w ater was controlled by the computer. The temperature was measured in a 
w ater reservoir before it  passed through the temperature controller. To 
ensure that the correct temperature in the ferm enter was maintained a 
thermometer was used to measure the temperature in the w ater reservoir and 
the fermenter. I t  was noted that the average temperature difference between 
the cooling water and the fermentation broth was 1*4°C. This was accounted 
fo r when setting the control temperature fo r both the set-point and the 
tim e-profile  experiments. The oxygen was controlled by varying the s tirre r  
speed and maintaining a constant flow  of sterilised a ir  into the fermenter.
Data from the computer could either be printed out on a line-prin ter or 
logged directly onto a floppy disc. The data from  this could then be 
transferred either to the main computer facilities  or to another PC, fo r  
fu rth er analysis.
3 - 3 - 7 - 2 - 2  The measurements taken and th e ir accuracy
In terms of the optimal control Salihon (1984) indicated that the 
controlled parameters should be within the accuracy shown in table 3 -3  
below.
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P a r a m e t e r Accuracy r e p o r t e d  by Salihon (1984)
T e m p e r a t u r e -  0 - 5  ° C
pH -  0 - 0 5
St  i r r e r  speed - 5rpm
Table 3 -3 Accuracy o f the control system
The accuracies reported above, were found to be the same fo r the 
experiments carried out in this project. In the la ter chapters the accuracy 
of the control system is analysed to investigate a possible correlation 
between the yield of cytochrome P-450 and the o ffset of the controlled 
parameters.
3 -4  Standardisation o f Assay Technique
Bef ore any experimental work was carried out on this project, the 
techniques used fo r the experiments (as explained by other workers) were 
analysed to ensure that the optimum results could be obtained. This section 
investigates the assay technique in terms of washing the yeast samples and 
the gas flow rate  of the carbon monoxide. Both of these actions were part 
of the basic requirements of the cytochrome P-450 assay. As mentioned 
earlier in this chapter the gas rate and the washing and subsequent 
resuspension of the yeast were well documented. However i t  was noted, from  
a chemical engineering standpoint, that the gas rate  would a ffec t the mass 
transfer of the carbon monoxide into the yeast cells and hence the measured 
cytochrome P-450 yield. Likewise, i f  the number of washing, centrifuge and 
resuspension cycles undertaken, affected the yield then the cytochrome 
P-450 would be placed in a less favourable environment. I f  the
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yeast/cytochrome P-450 is placed in a less favourable environment then the 
expected yield of cytochrome P-450 must also be below its potential 
maximum.
3■4-1 V ariab ility  in the Cytochrome P -450  assay -  Washing 
The general method of the cytochrome P-450 assay has been given earlier in 
this chapter. However, there are areas in which the assay can vary such as 
the period of time fo r the total assay, centrifuge times and the precise 
flow rate of the carbon monoxide in the assay.
The Cytochrome P-450 assay requires that a 20ml sample is taken from the
fermenter. The sample contains a suspension of yeast in the fermentation  
broth. The position in the ferm enter from which this sample is taken may 
influence the yield of measured yeast. To avoid local changes in the yeast 
concentrations, the s tirre r  is kept running throughout the taking of the
sample to ensure that the conditions inside the ferm enter remain well 
mixed. The samples of yeast are taken using sterile pipettes to avoid 
contamination of the rest of the fermentation broth.
Obviously the conditions under which the samples are maintained, before 
analysis takes place, can greatly a ffec t the measured cytochrome P-450. To 
maintain a standard assay technique the amount of time spent preparing the
sample is kept to a minimum. Once the sample is placed in the centrifuge
tube it is immediately transferred to the centrifuge and spun down at
7000 X g. The time that the yeast sample spends in the centrifuge is also
kept to a minimum ensuring that the temperature rise, that w ill occur due
to the action of centrifuging, is kept to a minimum.
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The yeast is measured in terms of wet weight. In the materials and methods 
section the reasons fo r this choice are given. In the original paper by 
Omura and Sato (1964) the samples are prepared by a centrifuge step 
followed by a washing stage and a second centrifuging step. I t  was found 
early on in the project that the washing and second centrifuge step caused 
a marked decrease in the measured Cytochrome P-450 yield. Figure 3*6  shows 
the levels of Cytochrome P-450 in the washed and unwashed samples of yeast.
As can be seen from  this diagram the unwashed samples contain a 
substantially higher amount of Cytochrome P-450 compared to the washed 
samples. This could be due to the presence of traces of ethanol and other 
inducers of cytochrome P-450 in the yeast suspension. The presence of 
ethanol has been shown by Blatiak (1987) to enhance the yield of cytochrome 
P-450 in Saccharomyces cerevisiae  NCYC 754.
Once the yeast is removed from  the fermentation broth the yeast starts to 
die. I t  was thought that this might be a cause of the decrease in the 
levels of cytochrome P-450. A second series of experiments was carried out 
where the unwashed samples were also centrifuged fo r a second time , a fte r  
being resuspended in their own broth. The same amount of P-450 was measured 
in both the unwashed-once centrifuged and the unwashed-twice centrifuged 
samples. These results are also shown above by the □ symbol in figure 3*6.
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The experiments in figure 3-6  are shown in chronological order. The dip, in 
the figure 3-6,  was caused when the batch of yeast extract was changed. 
When the batch of yeast extract was changed, another level of cytochrome 
P-450 was obtained. As mentioned in earlier chapters the changes in batches 
of the nutrients, used in the medium, causes d ifficu lties in comparison to 
the experiments carried out over several years. Figure 3*7  shows the washed 
and unwashed samples plotted against each other. I t  is possible to see from  
this diagram that the washed samples always produce lower measured yields 
of cytochrome P-450 than the unwashed samples.
The results were analysed to determine i f  they could be regarded as the 
same. In Appendix 2, table A2*3,  shows that the results are significantly  
differen t at the 99-5% level. This is important showing that the level of 
cytochrome P-450 decreases rapidly a fte r the sample has been taken. In this 
case the sample must be analysed as soon as possible to avoid the 
denaturing of the enzyme.
3 - 4 - 2  V a riab ility  in the Cytochrome P -450  assay -  CO gas ra te  
Another stage in the cytochrome P-450 assay is the addition of the carbon 
monoxide into the chemically reduced yeast suspension. This stage of the 
assay requires that the haem groups present in the cytochrome P-450 enzymes 
are bound to the carbon monoxide. The carbon monoxide is' bubbled through 
one of the cuvettes holding the 1 in 10 yeast suspension. The speed at 
which the carbon monoxide binds to the haem groups depends upon the ability  
of the carbon monoxide to diffuse through the cell walls to the sites of 
the cytochrome P-450.
95
To ensure that a ll of the haem groups are bound with carbon monoxide the 
suspension is saturated with the carbon monoxide fo r a period of 30 
seconds. The gas is bubbled through the cuvettes at a rate  of 30 bubbles 
per 30 seconds (ie one bubble per second). The optimum rate  of gassing the 
sample with carbon monoxide, was determined at the s tart of the project. 
Figure 3 -8  shows the difference in carbon monoxide gas ra te  and the 
cytochrome P-450 measured.
To carry out this experiment a large sample of yeast was taken and a 
suspension of 1 in 10 was made up. The samples were gassed at d ifferent 
bubbling rates fo r 30 seconds. To gain some idea of the e ffect of time that 
the sample has been around, the sample analysis a t each rate  is carried out 
consecutively and the series is repeated twice to avoid any a ff  ects of 
cytochrome P-450 degradation occurring in the samples tested. I t  was found 
that the gas rate  of 1 bubble per second was the optimum rate, ie the
samples could not be distinguished a fte r a series of three scans and this
rate  did not waste CO. This was then chosen as the minimum gas rate  fo r the
cytochrome P-450 analysis. Previous workers had adopted the approach that 
multiple scans of the analysed samples would account fo r any changes.
However from  figure 3*8  it  is possible to see that i f  insufficient carbon
monoxide is used, then the maximum yield w ill never be achieved. Provided 
this error is maintained throughout the experiments the results w ill be 
comparable. It  should be noted that a small increase in the carbon monoxide 
ra te  increases the apparent yield of cytochrome P-450. A minimum of 60 
bubbles per minute should be used to avoid any significant changes in the 
measured cytochrome P-450 yield.
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In appendix 2, table 2-4,  shows that fo r the f irs t  scan all the results are 
significantly d ifferen t at 99-57. when the t-te s t is carried out. The second 
scan can also be seen to be significantly d ifferent, however the th ird  scan 
shows no significant difference between the 60 bubbles per minute and 75 
bubbles per minute, but the rest of the samples are s till significantly 
differen t at the 99*5% level in the t-te s t.
3 '5  Conclusions
1) The assay technique could be altered to avoid unnecessary washing of the 
analysed yeast samples.
2) The assay technique should be carried out w ith the minimum time delay 
between the sample being taken and the completion of the analysis.
3) The most appropriate flow  of carbon monoxide to use was 60 or 75 bubbles 
per minute.
4) To avoid incorrect results the samples which are analysed using less 
than 60 bubbles per minute of carbon monoxide, should be scanned several 
times until there is no fu rther increase in the measured cytochrome P-450.
5) The variation measured in the recorded yields of cytochrome P-450 were 
minimised due to the standardisation of the assay techniques and the 
introduction of a single stage centrifuge step during the assay.
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CHAPTER 4
INVESTIGATION OF CONTROL STRATEGY 
FOR CYTOCHROME P-450 PRODUCTION 
IN  YEAST
99
4*1 In troduction
The start of this project continues the work started by Salihon (1984). 
During his research Salihon analysed the production of cytochrome P-450 from  
the yeasts Saccharomyces cerevisiae  NCYC 754 and NCYC 240. His work provided 
a detailed investigation of Saccharomyces cerevisiae^ particularly the 
strain NCYC 754 on the synthesis of cytochrome P-450. Salihon* s work 
produced a series of optimum values fo r the set-point computer control 
fermentation of the strain NCYC 754. These set-points permitted Salihon to 
carry out the fermentation of these yeasts to produce maximum concentrations
of either biomass (in g/1) or cytochrome P-450 (in nmol/1). He also produced
a th ird  series of optimum control values fo r the maximum concentration of 
cytochrome in terms of nmol/g dry weight yeast.
In conjunction w ith his work on the optimum set-point control parameters 
Salihon (1984) also determined optimum medium concentrations to achieve the 
maximum concentrations of yeast biomass amd cytochrome P-450.
Salihon (1984) went on to complete his work by developing a series of 
empirical mathematical relationships relating the yields of the cytochrome 
P-450 and the yeast biomass to the control parameters, ie pH, s tirre r speed 
and temperature. From these empirical equations Salihon developed a program  
to produce a series of "time-profiles". These tim e-profiles were based on 
Salihon* s previous set point results, and followed closely the method 
developed by Constantinides (1969) in his work on penicillin fermentation.
The tim e-profiles produce a series of set-point values which changed with
respect to time over the duration of the fermentation. There were two main 
ways in which the problem could be formulated. The f irs t  was to allow the
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control to continue until the maximum yield was obtained or to restric t the 
tim e over which the problem would run. The second method was used by both 
Salihon (1984) and Constantinides (1969).
In this chapter the values obtained by Salihon (1984) in terms of the 
concentrations of the medium used and the control set-point values are
reviewed. A b rie f outline of the methods used to produce the tim e-profiles  
are given and the assumptions made by Salihon (1984) in creating his models 
fo r  the computer program are discussed. In the following chapter the values 
of the medium concentrations are tested f  or the ir accuracy and their 
relevance to the current work.
At the s ta rt of this project the tim e-profiles generated at the end of
Salihon's (1984) thesis were available. These profiles had not been tested
experimentally by Salihon before being used on this project. I t  was assumed
that i t  would be possible to check some of the work carried out by Salihon
before continuing his work in this project. Reformulating the quadratic 
equations and regenerating the data from  Salihon’s thesis was not undertaken 
because this would have required extensive reworking of a large part of
Salihon's thesis. The resulting empirical models, developed by Salihon
(1984), are used to determine the biomass, fina l cytochrome P-450 and the 
fin a l by-product concentration which were related by means of linear and 
quadratic equations to the temperature, pH and the s tirre r  speed. The 
profiles were generated using the Pontryagin maximum principle which was 
developed by Constantinides (1969). This technique is explained briefly  in 
this chapter w ith  the standard mathematical manipulations required to
produce the fina l equations given in Appendix 4-3.  The parameters used by
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Salihon to relate the controlled parameters to the growth models and the 
production of cytochrome P-450 are given at the end of this chapter. Chapter
5 deals w ith the actual production of the tim e-profiles, the restrictions 
that can be placed on the results from the computer program and the 
resulting experimental data.
The study of the profiles has led to the investigation of the variability  in 
the yields which have been obtained during the series of experiments. The 
analysis and quantifying of the variability is considered in chapters
6 to 9.
I t  was believed, a t the s ta rt of this project, that the introduction of the 
tim e-profiles should improve the fina l concentration of the cytochrome P-450  
from  the ferm entation of the yeast Saccharomyces cerevisiae. This work 
analyses the improvements of one experimentally tested optimum control
system with another theoretically optimised control system. The use of 
tim e-profiles by other workers, to improve yields of penicillin
(Constantinides 1970a, 1970b), gluconic acid production (Rai and
Constantinides 1973) and erythromycin fermentation (Cheruy and Durand 1979), 
has led to a general increase in the ability of fermenters to be optimised 
and controlled in many d iffe ren t ways.
The other workers in sim ilar fields successfully used the tim e-profiles to 
improve the yields of their specific fermentation products. However, as 
mentioned in previous chapters, the results from these workers are d ifficu lt 
to analyse fo r various reasons. Either the workers had not optimised the 
in itia l control experiments or as in the case of Rai and Constantinides
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(1973), the profiles of temperature and pH were averaged into constant 
values, as the profiles did not vary significantly over the working range.
I t  was hoped that the substrate in the medium could be controlled by batch
feeding in a sim ilar manner to that of Fishman and Biryukov (1974) , Guthke
and Knorre (1981), Hong (1986) and Modak & Lim (1989). However this was not 
possible fo r two reasons. The induction /  synthesis of Cytochrome P-450 is 
an extremely complicated biochemical phenomenon i t  is d iffic u lt to describe 
adequately, so that pinpointing specific substrates upon which the enzymes
depend is very d ifficu lt. This makes specific substrate feed control almost 
impossible in the production of a m ixture of cytochrome P-450 iso-enzymes. 
I t  was also d ifficu lt, due to a lim ited amount of equipment used, to set up 
the continuous feeding of the fermenter. I t  is known that one of the
substrates used by the cytochrome P-450 is lanosterol, however in this 
project the iso-enzymes of cytochrome P-450 are not being analysed, rather a 
whole mixture of cytochrome P-450 enzymes are being measured. Therefore only 
knowing a single substrate does not permit fed-batch fermentation to be 
undertaken. I t  had also been specified by King (1983) that the exact
proportions of the individual iso-enzymes can be expected to vary w ith
respect to time over the duration of the fermentation run.
The use of complex medium fo r growing yeast is associated w ith several 
difficu lties. The main d ifficu lty  is maintaining the quality, from  batch to
batch, of the medium. This is due to the constantly changing raw  materials
and variations in the production stages of the medium. Complex medium, as 
the name suggests, contains many d ifferent possible substrates on which the 
yeast can be expected to grow. Therefore, i f  one substrate is depleted there
103
are many more available to be utilised by the yeast. In this case the 
concept of lim iting substrate is meaningless in the growth model of the 
yeast and w ill not be analysed fu rther.
4 *2  Optimum control values
In this section details of the two systems of control, used in this project, 
are given. The f ir s t  system used is the set-point control, where the control 
of the pH, temperature and the s tirre r speed are kept constant throughout 
the experiment. The second system is the "time-profiled" control which 
re fers  to the change of the control settings, w ith  respect to time, in a 
regulated manner. The details of how these profiles are obtained from  the 
computer program and results from  the experiments, w ill be given in the next 
chapter.
4*2*1 Set-point control
The set-point control settings were taken from  the work carried out by 
Salihon (1984), who completed a PhD thesis at the Chemical Engineering 
Department, University of Surrey. This section w ill describe the methods 
used by Salihon (1984) to produce his set-point optima fo r the production of 
cytochrome P-450 and yeast biomass. The optimum set-point values are 
obtained by applying several techniques to the problem of obtaining maximum 
cytochrome P-450 production.
In itia lly  Salihon (1984) carried out a series of facto ria l experimental 
designs. In these experiments he studied the effects of the temperature, pH 
and s tirre r speed along w ith the in itia l glucose level, the inoculum size
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and the a ir flow  into the ferm enter on the fin a l concentration of the 
biomass and cytochrome P-450.
Yates method (Yates 1937) was used to analyse the results from an 
investigation of these parameters, to find the main and interactive effects  
in the 51 ferm enter.
The results from  the analysis of the optimum concentration of cytochrome 
P-450 can be related, empirically using linear and quadratic equations, to 
the control parameters. These equations can be transformed mathematically so 
that the interactions of the d iffe ren t control parameters can be determined. 
Once these equations are f  ormed it  is possible to produce a response 
surface, ie an area in which the optimum set-point control parameters lie. 
This response surface can be tested to ensure that the estimated fina l 
concentration of the cytochrome P-450, w ithin experimental error, agrees 
w ith  the experimentally obtained cytochrome P-450 concentrations. The 
response surface w ill have as many dimensions as there are control 
parameters and medium components.
The position of the optimum control parameters, from  the experiments, are 
found by fitt in g  a linear equation to the experimental results and then the 
multi-dimensional response surface can be analysed. The data was fitted  to a 
linear equation using the method of least squares f i t  as described by 
Cochran and Cox (1957). The equations produced fo r the least squares f i t  are 
shown in the generalised form  below;
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The linear equation fo r  the response surface is :
■ ■ ■ *  P.X.N ........
Where is the predicted yield value of the experiment. N = 1,2,3..M
is the value of the experimental variable X. fo r the 
experiment (in coded form), 
is the i^  ^ coefficient of the linear equation, i = 1,2,3....k
In the case fo r  Salihon (1984) in itia lly  there were only six parameters (ie 
k=6). He carried out a ha lf replicate factoria l experiment resulting in the 
value of M as 32.
The relationship between the actual yield Y^ and the experimental variables 
is given by the following equation:
W on + V .N  + % N   + ('/.N  + • • 4 2
where b^  is any arb itrary  (unoptimised) value of the i-coeffic ient of
the linear equation fo r i= l,2 ,3  k
Y^ is the actual value of the yield of the experiment fo r
N = l,2 ,3  M
{erro r) is the error of the prediction.
X^^ is a dummy variable whose value is equal to +1
The mathematical manipulation of these equations and coefficients is given 
in Appendix 4-1.
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The response surf ace can then be fu rther analysed to determine which 
parameters w ill fo r a given step change have the most beneficial /  
detrimental e ffect on the fin a l yield of the cytochrome P-450. Salihon 
(1984) found that the results obtained from  the steepest ascent calculations 
were inconclusive w ith respect to the mycological peptone. The variables 
s tirre r  speed and a ir  flow  rate  were found to have the largest coefficients 
fo r  the main effects. Therefore, i t  was necessary to carry out a 2^ 
fac to ria l experiment, based again on the methods of Cochran and Cox (1957), 
on the s tirre r speed and the a ir flow  rate. The variables temperature, pH 
and in itia l glucose concentration were kept constant. The inoculum level was 
maintained at 7.5% (v /v) fo r a ll of the rest of his experiments.
From these experiments, and a fu rther 2^ and 2^ fac to ria l experimental 
series, it  was possible to establish that the e ffect of a ir  flow  rate was 
not significant a t the 75% confidence level using the F-Test. The main 
effec t of temperature and pH were found insignificant at the 75% level but 
th e ir interaction w ith the s tirre r speed was found significant at the 99% 
level.
A rotatable, central, composite design was carried out. This analysis was 
used to obtain the surface which contained the optimum. The experimental 
plan can be found in Cochran and Cox (1957). The method was called the 
"half-replicate 2^ factoria l plus star design and nine point centre". The 
star points are 12 points at a distance a = ±2.378 from  the centre point, 
where a is a multiplication factor fo r the increment in the levels of the 
variables. The value of 2.378 was used to give the design the property of
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being rotatable. This means that "the standard error per unit experiment is 
the same fo r a ll points that are at the same distance (in terms of multiples 
of increments) from  the centre of the region" (Cochran and Cox, 1957; Box et 
a l, 1978). The main reason fo r using this process is to allow the 
reorientation of the surface w ith  respect to the X -axis a fte r the analysis 
has been carried out.
The analysis of the composite design is carried out statistically . For the k 
variables the quadratic equation is as follows:
k k k
Y  + > b . X„  + > b. X „. + > b .X^^Xj^ + { E r r o r .............................. 4 -3
1=1  1=1  1=1
The regression from  equation 4*3  yields 28 coefficients b^, b^ ,^ b^y in the 
case of Salihon’s work (1984). The regression coefficients are calculated 
from  the formulae given in Cochran and Cox (1957). They give a series of 
equations fo r the statistical analysis of these coefficients, such as the 
sum of squares fo r the f irs t  and second order terms, the mean square 
deviation and the experimental error.
To simplify analysis of the equations, each equation was transformed to its 
canonical form . This method was developed by Himmelblau (1970) and allows 
the equations to be interpreted in terms of its geometric concepts. The 
original equation was transformed to the extremum of the response surface 
and the axis rotated to achieve symmetry. The result of transforming the old 
coordinates, X  ^ to X^, to the new coordinates, known as the principle axes.
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F ,^ F^, F^, F^, Fg, F^ , is to create an equation that is much simpler. This 
is because the f ir s t  order and cross-product terms have been eliminated.
To analyse these results Salihon (1984) turned to the method given by 
Himmelblau (1970) which is shown in Appendix 4*2.
Salihon (1984) found the results of these expressions experimentally. The 
optimum fo r the yield of the cytochrome P-450 per litre  and the optimum of 
cytochrome P-450 per gram dry weight of yeast, obtained by Salihon from  
these experiments, were found to be within 1*2% of the respective mean 
yields of the cytochrome P-450 a t the centre-point. I t  was fo r  this reason 
that Salihon did not test these optima experimentally. However the predicted 
biomass optimum was smaller than the mean yield a t the centre point. This 
finding indicated that the optimisation, in terms of the biomass, had not 
succeeded.
Salihon (1984) concluded from  his batch optimisation that the temperature, 
pH, s tirre r speed, a ir  flow  rate , along w ith the in itia l concentrations of 
yeast extract, glucose, and the sodium chloride, a ll affected the yield of 
cytochrome P-450 in the yeast Saccharomyces cerevisiae. The effect was not 
only intrinsic but also due to the interactions w ith the other variables.
Salihon (1984) reported a 73% increase in the cytochrome P-450 per litre  
when compared to the best yields obtained by King (1983). The optimum fo r 
the cytochrome P-450 was found to be d ifferen t from  that of the yeast 
biomass. For the three sets of optimum obtained by Salihon (1984) the 
constant set-point control optima, fo r the yield of cytochrome P-450 per
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litre , was found to lie between those fo r the optimum yeast biomass and the 
optimum yield of cytochrome P-450 per gram dry weight of yeast (see Tables 
4* la, 4* lb, 4 ' lc) .  The increase in the yield of the cytochrome P-450 per 
gram dry weight was 155% compared to the shake culture experiments carried  
out by Salihon (1984). The biomass yield, however, decreased by 32% when 
compared to the shake-flask experiments.
C o n t r o l
V a r i a b l e
V a l u e  o f C o n tro l 
V a r i a b l e
Un i ts
T e m p e ra tu re 2 4 - 8 0 “ C
pH 4 - 9 8 pH u n i t s
S t  i r r e r  Speed 2 5 7 - 0 0 r e v  . /m in .
P r e d i c t e d  Maximum Y i e l d 1042-17 nmol /  I
M e a n  Y i e l d  a t  O p t i m u m  C e n t r e  P o in t 1030- 82 n m o l / 1
Table 4 ‘ l a  Optimum Point Coordinates fo r  the Y ield o f Cytochrome P -4 5 0  in
nmol/1. Taken fro m  Salihon (1984).
C o n t r o  1 
V a r i a b l e
V a l u e  of  C o n tro l 
V a r i a b l e
Un i ts
T e m p e r a t u r e 2 5 - 7 0 °C
pH 5 - 0 9 pH u n i t s
S t i r r e r  Speed 2 5 8 - 0 0 r e v  . / m i n .
P r e d i c t e d  Maximum Y i e l d 127 - 25 n m o l / g
M e a n  Y i e l d  a t  O p t i m u m  C e n t r e  P o in t 125-97 n m o l / g
Table 4» lb Optimum Point Coordinates fo r  the Yield o f Cytochrome P -4 5 0  in 
nm ol/g dry yeast. Taken fro m  Salihon (1984).
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C o n t r o  1 
V a r i a b l e
V a l u e  of  Cont ro l  
V a r i a b l e
U n i t s
T  em p era tu r e 2 9 - 2 9 “ C
pH 5 - 3 6 pH un i ts
S t i r r e r  Speed 2 8 5 - 0 0 r e v .  /m in .
P r e d i c t e d  Maximum Y i e l d 7*65 g d r y  w t / 1
Me a n  Y i e l d  a t  O p t i m u m  C e n t r e  P o in t 8 -19  g d r y  w t / 1
Table 4 - l e  Optimum Point Coordinates fo r  the Yield o f Biomass in 
g dry weight per l i t r e .  Taken fro m  Salihon (1984).
The production of d ifferen t "optimum" control conditions fo r production of 
the d ifferent yields is the result of the d ifferen t requirements fo r the 
yields required. In terms of the maximum biomass a warmer, more aerobic and 
less acidic conditions are required than f  or the production of the 
cytochrome P-450 (nmol/1). This is to be expected as the growth of the yeast 
is better suited to aerobic, warm conditions. Synthesis of the cytochrome 
P-450 enzymes is associated w ith  nearly anaerobic ("semi-anaerobic") 
conditions, indicated by the lower s tirre r speed, while the lower 
temperature decreases the enzyme dénaturation rate. The measurement of 
cytochrome P-450 in nmol/g dry weight creates a compromise situation between 
the two "extremes". This compromise between maximum cytochrome P-450 cind 
maximum biomass w ill not be evaluated f  urther and the use of those 
set-points in the comparison of cytochrome P-450 production under the two 
diffe ren t control strategies w ill concentrate on the maximum concentration 
of cytochrome P-450 in terms of nmol/1 and not nmol/g dry wet.
Salihon (1984) noticed, during his optimisation experiments, a "highly
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significant" e ffec t in the variations between the batches of the complex 
medium, notably the yeast extract and the mycological peptone. This has been 
studied fu rther w ithin this project.
4 * 2 * 2  T im e -p ro file d  control
Salihon (1984) went on to use the empirical equations he had developed to 
re late  the yields of cytochrome P-450 and yeast biomass to the control 
parameters, pH, s tirre r  speed and temperature, to develop a series of 
tim e-profiles. There are many ways of changing the conditions within the 
ferm enter as the fermentation progresses. The systematic changing of the 
controlled f  ermenter environment w ith respect to time permits optimum 
conditions fo r d iffe ren t phases of the fermentation to be obtained, ie fo r  
maximum growth of the yeast during the in itia l period of the fermentation  
followed by changing the conditions to favour the production of cytochrome 
P-450.
I t  is well known th at the conditions ' in batch fermentations are not constant 
throughout the fermentation. Such variables as the pH, temperature and 
available nutrients, vary w ith  respect to time. I t  is known that the 
nutritional and environmental conditions required by the organism, in a 
controlled culture, vary during fermentation and the growth of the organism. 
There have been many ways of altering the conditions inside a ferm enter with  
respect to time. One of the most common recent developments is the use of 
continuous culture vessels. The continuous culture allows the maintaining of 
key nutrients, a t their point of greatest usefulness, fo r  prolonged periods. 
This allows harvesting of the fermentation products to be made continuously. 
The removal of inhibitory products also occurs.
112
The choice of ferm enter can depend upon when the product is formed. There
are two main phases in which the expected product can be formed:
a) I f  the product is formed in the stationary phase where there is no
positive nett growth of the organism, i t  w ill be d ifficu lt or 
impossible to maintain that growth situation at steady state.
In this case simple continuous fermentation cannot be 
maintained because the washout ra te  w ill be too high to 
maintain the cell concentration without losing most of the 
cells. A more complicated continuous system has to be used 
where the cells are recycled into the ferm enter, recycling
the cells is not practical in an aseptic system.
b) I f  the product is associated w ith high specific growth rate  then
batch fermentation generally achieves higher values of
specific growth ra te  than is possible in simple continuous 
fermentation systems. This is because the wash out point is 
always less them the meiximum specific growth rate.
Therefore i t  is important to know during which phase, of the organisms
growth, the product is formed. This is confirmed in la ter chapters,
specifically chapter 9, as occurring a fte r the growth of the yeast has 
ended.
The use of fed-batch reactors is a compromise between the continuous 
ferm enter and the batch ferm enter. The fed-batch system allows nutrients to 
be added into the ferm enter over a relatively short period of time.
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depending upon the available space in the fermenter. The batch ferm enter was 
used in this project fo r several reasons. 1) The Cytochrome P-450 peak was 
believed to occur during the stationary growth period in the yeast growth 
cycle. 2) For comparability w ith  the work started by Salihon (1984) who 
carried out a ll of his experiments either in the 51 ferm enter or in shake 
flasks. 3) The use of a d iffe ren t fermenter would create another variable in 
an already complicated biological fermentation system. 4) The changes that 
are to be made in the ferm enter are to do w ith the controlled parameters pH, 
s tirre r  speed and temperature which can be achieved as easily in the batch 
ferm enter as i t  can be to adapt the fermenter to continuous fermentation.
In terms of altering the conditions in a batch ferm enter i t  has been found, 
by Salihon (1984) amongst other workers, that it. is possible to change the 
values of the physically controlled variables such as pH, temperature and 
the s tirre r speed w ith  respect to the time of the fermentation in order to 
achieve a predicted improvement in the yields of the desired product. The 
concept of improving the yield simply by changing the environment in the 
ferm enter has already been shown to apply to this system by Salihon (1984) 
when he compared his results to those of King (1983) and found that he had 
achieved an increase of 73% in the concentration of the cytochrome P-450 by 
altering the composition of the medium and the control set-points of pH, 
s tirre r speed and temperature.
The tim e-profiles were obtained by the application of the Continuous Maximum 
Principle as described by Pontryagin et al. (1962) and Fan (1966), to a 
series of equations relating the product, cytochrome P-450, formation to the 
controlled variables pH, s tirre r speed and temperature. Several attempts to
114
apply the continuous maximum principle to real fermentations have been made 
by Constantinides et a l. (1970b). He produced a tem perature-profile fo r a 
batch penicillin fermentation and predicted a 157. increase in the yield when 
compared to the unoptimised constant set-point control fermentation.
Rai and Constantinides (1973) used the Continuous Maximum Principle to 
obtain optimum temperature and. pH tim e-profiles fo r gluconic acid 
production. The profiles were v irtually  constant so Rai and Constantinides 
averaged the profiles to constant set-point values. The predicted increase 
in yield of gluconic acid was achieved.
Cheruy emd Dureind (1979) tried  to apply the continuous maximum Principle to 
an erythromycin fermentation. The predicted 10% increase in yield was not 
attained but it  was found that the productivity increased by 30%. The use of 
step changes as opposed to using a ramping system in the ir profiles may have 
been the cause fo r this.
Comparing an optimal tim e-pro file  process w ith  a non-optimised set-point 
process is likely to be misleading, as the a ffec t of the optimisation cannot 
be distinguished from  that of tim e-profiling. A better comparison can be 
made between an optimised tim e-profiled  process and an optimised set-point 
process, as in this system. Improvements in yield and productivity are more 
d iffic u lt to compare in the case of two " optimal" systems where d ifferent 
crite ria  are used to determine the same end result, ie in the tim e-profile  
experiments the specific time of the whole fermentation is fixed before the 
experiments s tart, whereas in the set-point experiments the end-point is not 
specified in time. In most reported cases the in itia l conditions under which
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the fermentations were carried were not optimised. Two types of optimisation 
studies are usually available. Those that s ta rt w ith  a set of un-optimised 
conditions and optimise the process, and those that s ta rt w ith  a set of
lim ited optimised conditions and fu rther optimise the conditions using new 
techniques or looking at other parameters within the system. Therefore it  is
not possible to compare the improvement in the two types of experiments in
terms of a percentage or absolute improvement. The improvement can be
expected to d iffe r  greatly depending upon the in itia l starting point. As has 
been discussed in this project the original set-point experiment had already 
been systematically optimised by Salihon (1984), this was discussed above.
Before the application of the continuous maximum principle, i t  is necessary 
to obtain a series of simple algebraic models fo r  the system. Modelling of 
cell growth is extensively documented by Takamatsu et a l (1981) who gives
details of many unstructured growth models. Two well known models are
considered in this project, the Monod Model and the Logistic Model. Winkler 
(1981) points out that the Monod model cannot be used because of the use of 
complex medium used in these experiments. The use of the complex medium does 
not allow the concept of the lim iting substrate to be applied because the
medium contains so many d iffe ren t substrates that the single substrate 
responsible fo r lim iting the fermentation cannot be specified. As already 
mentioned the use of lim iting substrate is not possible until fu rther  
fundamental biochemical research is carried out on the production of P-450  
in yeast. The Logistic Model was used fo r two reasons; firs tly  the model 
does not directly involve the lim iting substrate and has been found to 
provide a good description of yeast fermentations in general; secondly it
was used successfully in the application of the continuous maximum principle
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by Constantinides et a l. (1970), Rai and Constantinides (1973), Cheruy and 
Durand (1979). Cheruy and Durand (1979) used a modified polynomial 
expression of the logistic equation. Salihon (1984) also noted how well the 
biomass data f i t  to the logistic model. One major drawback to both these 
models is their inability to predict the decline in cell population, a fte r  
the stationary phase, in their usual form.
For the yeast Saccharomyces cerevisiae  the following models were produced 
and adapted to the yeast-cytochrome P-450 system. ITie logistic model can be 
stated as:
dv k
— - = k V   —- ....................................................4 -4
d t  ^  ^ k
where k^  is specific growth ra te  coefficient (hr~^)
k^ is the fin a l biomass concentration (g dry w t/1) 
is the yeast biomass concentration (g dry w t/1) 
the specific growth ra te  coefficient k^ can be related to the pH, 
temperature and s tirre r speed via a quadratic equation, as stated by 
Salihon (1984).
There is no well defined model fo r the synthesis of cytochrome P-450 from  
the yeast Saccharomyces cerevisiae. Most of the empirical modelling work on 
yeasts has been based on either the production of biomass or alcohol. The
production of large quantities of enzymes f  rom yeast has not been
investigated in as much detail as in other organisms such as Escherichia
co li. Neither has i t  been investigated in one of the newest areas of
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research ie animal cell culture. The unavailability of models fo r  cytochrome 
P-450 in Saccharomyces cerevisiae  is also due to the lack of v ita l important 
biochemical data. At present i t  is not known exactly what causes the 
Saccharomyces cerevisiae  to synthesis a ll of its cytochrome P-450 enzymes 
although cytochrome P-450 can be induced using various carcinogens, 
fungicides and pesticides. Therefore, to model the cytochrome P-450, Salihon 
(1984) made nine fundamental empirical assumptions. These are detailed 
below:
1) The cytochrome P-450 measured, by the reduced CO difference spectra, is 
the nett amount of cytochrome P-450 from the processes of synthesis and 
degradation. This is a globally measured quantity of cytochrome P-450.
2) The mechanism fo r  the ability of the Saccharomyces cerevisiae  to form  
cytochrome P-450 is not known. Therefore, all the yeast cells are equally 
capable of producing and are producing cytochrome P-450 a t the same rate.
3) Once the peak cytochrome P-450 has been measured, the dénaturation of the 
enzyme can be measured. The loss of cytochrome P-450 in the yeast follows a 
f ir s t  order loss. This assumption was based on the results of Sadler(1988).
4) The dénaturation or loss of cytochrome P-450 (like the production of 
cytochrome P-450) has been assumed to be identical in all cells at the same 
time. I t  is impossible to measure the cytochrome P-450 in individual cells, 
therefore the resulting equations from  this assumption and assumption (2) 
are the results of measurable global effects in the yeast culture.
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5) Each yeast cell, at any point in time, contains the same amount of
Cytochrome P-450 as every other cell in the fermentation broth. This gives a 
means of relating the cytochrome P-450 production to the growth, of the 
yeast cells. Since yeast cells are in d ifferent stages of growth i t  is 
likely that the amount of cytochrome P-450 in the individual yeast cells
varies.
6 ) The glucose in the medium is converted into yeast biomass and other 
by-products such as carbon dioxide, ethanol and ethanoic acid. (Thorne, 
1962). The uptake of glucose is a pairameter which can be measured easily 
w ithin the fermentation broth. The ability to re late  this to the biomass is
important. In a semi-anaerobic system the exact amounts of glucose used per 
unit of biomass produced cannot be easily obtained from  the stoichiometric 
equation. The equations available fo r the production of biomass are based
either on aerobic or anaerobic systems, but not semi-emaerobic. Therefore 
this assumption accounts fo r the difference between these two "ideal" 
systems. The rest of the medium nutrients, such as the mycological peptone 
and yeast extract contain many d ifferent nutrients fo r the yeast. The key 
components present in these formulations on which the yeast growth as well 
as the synthesis of cytochrome P-450 should be based, are not known. 
Therefore, the medium components are not included in this part of the mass 
balance equations.
7) The production of the side-products such as carbon dioxide, ethanol and 
ethanoic acid are dependent upon the cell growth. The cell growth in turn  
has been related to the glucose concentration. Therefore, the formation of 
the by-products is effectively a second order reaction involving yeast
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biomass as well as glucose concentration.
8 ) Only during the set-point control is the alkali required to maintain the
pH of the fermentation broth. During the tim e-profile  experiments the pH 
w ill vary w ith  respect to time. In this case, the alkali w ill also be
necessary to neutralise the acid used earlier in the experiment. However
these models are based on the results obtained during the set-point 
experiments. Therefore, the purpose of the alkali addition was to react w ith  
carbonic acid only. This is a fundamental assumption because the carbonic 
acid equilibrium is quite complex.
9) Any inductive or inhibitive effects of glucose or ethanol on the yeast 
growth and the cytochrome P-450 synthesis follows f irs t  order kinetics w ith  
respect to the glucose or ethanol concentration respectively. I t  has been 
well documented that glucose and especially ethanol, present in the 
ferm entation broth, w ill a ffec t the yeast growth.
These nine assumptions were formulated to relate the measurements taken by 
Salihon (1984), during his set-point optimisation work, to the conditions he 
found in the ferm enter as they affected the production of the cytochrome 
P-450 . Salihon (1984) found that i t  was necessary to take account of these 
measurements in the quadratic equations so that the fin a l biomass and 
cytochrome P-450 yields could be correctly predicted.
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The fina l equations that could be made from the assumptions above are: 
Cytochrome P -4 5 0  model.
— = V i - Vz + Vs + W ...............................
The parameters the by-product concentration and the alkali
concentration were added to this equation to ensure that a ll of the possible 
measured parameters which might contribute, even in a small way, were 
included in the cytochrome P-450 model. As mentioned before the pH (Salihon 
1984) and also the ethanol concentration (Blatiak 1987) do a ffect the yield 
of the cytochrome P-450 in this system. However Salihon (1984) found that 
the values of k^ (= 0*009 ) and k^ (« -0 *2 4 ) did not improve the estimated 
yield of cytochrome P-450 emd that the equations could be reduced to the 
following form , where better results were obtained:
— = V l • ‘'/z .............................................4-6
By-product model.
-dv  dv
   = k — - + k V V ............................................................................. 4 -7dt = dt  ^ "
A lkali Model.
dv,
  =  k  V V ..............................................................................................................................4
d t  ^ ^
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Where = The specific growth rate  coefficient (hr
k^ = The fin a l biomass concentration (g dry w t /  1) = 0*774 
k^ = Specific enzyme production rate coefficient (nm ol/g /hr) 
k^ = The order dénaturation of the enzyme (hr 
kg = Stoichiometric ra tio  fo r yeast biomass formation  
kg = Stoichiometric ra tio  fo r by-product formation = 3 * 2 7
k = Contribution of CO to the stoichiometric ra tio  k = - 0 * 0 27 2 6
kg ss Proportionality coefficient fo r glucose induction/inhibition  
(g G luc/g dry w t/h r )  
k^ = Proportionality coefficient fo r ethanol induction/inhibition  
(g E toh /g  dry w t/h r )
= Yeast biomass concentration (g dry w t /  1)
= Cytochrome P-450 concentration (nmol /  1)
Vg = By-product concentration (g /  1)
= Alkali concentration (g /  1)
The continuous maximum principle is described by Fan (1966). The 
mathematical description is based on the details given by Fan (1966) and is 
given in Appendix 4*3.
The resulting equations on which the tim e-profiles were developed, in the 
computer program in appendix 1, are eqns 4*4,  4*6,  4*7 and 4*8.  Equations 
4*4  and 4*5 express the rates of change of each state variable v ,^ v^, v^, 
and v^ in terms of a ll the control variables, w ith  their influence 
determined by a set of state coefficients k^  to k^ (k^). Each state 
coefficient k^  is then assumed to be determined by the input process control 
variables ("inputs: temperature, X ;^ pH, X^; and s tirre r speed, X^) in a
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quadratic equation summing the effect of each individually, each input 
squared (X^X )^ and the interaction pairs of inputs (X^X^). The effect of 
each of these components is modified by a coefficient a^  which has two 
functions: to allow fo r the dimensional disparity of the d ifferent
combinations of inputs (s tirre r speed squared, pH times temperature etc), 
and to weigh the e ffect of the contribution of each combination on the state 
coefficients k .^ The effect of the interactions of a ll three inputs and 
associated combinations were assumed to be negligible and have not been 
included in equation 4*9.
The values fo r k ,^ k^, k^ and k^ are functions of the control parameters pH, 
temperature, s tirre r  speed and can be expressed by the followlng equations 
which are w ritten  to show the general form of the equations:
+ ^ 1 ,3 ^ 2 +  = l . / 3  *
+ a . . . * : * : * \ 7 ’ ^ 3 ^ 3  *
+
where k. = k ,^ k^, k^, k^ from  the above equations 4*4,  4*6,  4*7  
X  ^ = Temperature (°C)
Xg = pH
Xg = S tirrer speed (RPM)
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The values of the constants a are given in the table below:i, n
Constant V a l u e  
f  or
Va l ue  
f  or
V a l u e  
f  or
V a l u e
f o r
^1,1 0 - 3 7 7 7 - 8 4 7 8 - 3 2 8 0 - 0 4 1
^1,2 0 - 0 6 1 - 0 - 2 1 9 - 0 - 1 6 0 - 0 - 0 0 7
0 - 0 1 6 - 0 - 7 6 9 0 - 9 3 8 0 - 0 1 4
0 - 0 0 0 0 - 3 5 1 1 - 5 3 4 0 - 0 2 4
^1,5 - 0 - 0 1 0 0 - 2 2 3 - 0 - 8 8 3 - 0 - 0 0 5
- 0 - 0 1 2 0 - 7 4 5 - 0 - 2 7 9 0 - 0 0 7
^1,7 - 0 - 0 1 9 - 0 - 1 8 2 - 0 - 7 8 3 - 0 - 0 0 8
^ i , a 0 - 0 2 5 - 0 - 5 5 7 - 0 - 1 2 2 0 - 0 0 0
s . 9 - 0 - 0 0 5 - 0 - 9 0 0 - 0 - 2 0 2 0 - 0 0 6
^1,10 - 0 - 0 0 7 0 - 1 4 7 0 - 1 6 4 - 0 - 0 0 3
Table 4 *2  Values taken fro m  Salihon (1984) 
fo r  the quadratic  approxim ation of the constants k^, k^, k^, k^
The other values of k  ^ are given above in the description of the variables. 
The actual tim e-profiles generated from these equations are described in 
more detail in the next chapter. The values of k^  which were found to be 
dependent upon the temperature, pH and the s tirre r speed were chosen by 
Salihon (1984) because of the ir importance w ith  respect to time on the 
growth of the yeast and the synthesis of the cytochrome P-450 enzymes. The 
production of the tim e-profiles is obviously very dependent upon producing
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parameters which are time dependent. By relating the coefficients in the 
above equations to the temperature, pH and s tirre r  speed Salihon (1984) has 
obtained an indirect method of ensuring that the calculated values of 
biomass an cytochrome P-450 are also related to time and the conditions
w ithin the ferm enter a t a specific time.
The equation 4*9  relates the effects of the d ifferen t control parameters to 
each other up to the second order terms. I t  was found that the coefficients 
fo r the higher order terms (3rd order and higher) were so small that they 
completely removed any e ffec t shown by the interactions of such 
interactions. This also permitted Salihon (1984) to simplify the equation to 
that of equation 4-9.  I t  is particu larly  noteworthy that the values of the 
coefficients fo r the individual input values (a , a , a ) are1,2 1,3 1,4
numerically sim ilar to the values of the coeficients of the squared terms of
individual inputs (a , a , a ). As the squared values of the inputs 1,5 1,6 1,7
are necessarily larger them the individual input values, they have a
correspondingly greater contribution in equation 4*9.  This indicates the
importance of using a quadratic rather than a linear response surface to 
describe the effect of process control inputs on the behaviour of the 
system. The biological significance of the size of these coefficients is
described below. I t  is more d iffic u lt to get meaningful interpretations of 
the cross-product coefficients as the relative magnitude of the individual
parameters is not known before the program is run.
The effects of each input (temperature, pH and s tirre r speed) on the
parameters k^  are also d ifficu lt to interpret because of the d ifferent units 
and numerical values of each parameter k^ . However, some cautious comparison
125
of  ^ fo r sim ilar n may be made. The effects of temperature and pH on 
specific enzyme production-rate (k^) are the opposite of those on biomass 
specific grow th-rate (k^). The a^   ^ and a^   ^ values suggest that s tirre r  
speed/ aeration has a greater e ffect on enzyme degradation rate (k^) than on 
biomass growth ra te  (k^). The a^   ^ and a^   ^ values suggest that temperature 
has a much greater influence on enzyme degradation ra te  (k^) than on biomass 
specific growth rate  (k^) in the region covered by the quadratic response 
surf ace.
For both the synthesis of the enzyme and the degradation of the enzyme 
cytochrome P-450 i t  has been shown that the pH and temperature play an 
important role in maintaining the activity of the enzyme. I t  has also been 
shown by Salihon (1984) that the oxygen concentration is important so 
ensuring the need fo r the yeast cells to synthesize the enzyme to ensure
th at the mono-oxygenase system is maintained in the cells.
The stoichiometric ra tio  fo r the by-product production accounts fo r "all" of 
the by-products produced. In rea lity  this only accounts fo r  the ethanol and 
ignores the CO  ^ which should also be included in the equation. However i t  is 
not known i f  the concentration of CO  ^ in the ferm enter broth has any effect 
on the cytochrome P-450 production. For the purposes of this project it  has 
been ignored, because i t  is assumed that the concentration of ethanol has a 
greater reported effect on the cytochrome P-450 than the unknown effect of
the carbon dioxide. With the introduction of more accurate on-line
measurements such as CO  ^ it  would be possible to get an accurate model of 
the CO  ^ production w ith respect to time. However i t  is s till not known how 
this affects the cytochrome P-450 production, and may well be a better
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variable to use in regressing data fo r the biomass model. The control of the 
oxygen concentration in this project is carried out using the s tirre r speed 
to control the rate  of oxygen transfer into the fermentation broth.
These proposed empirical models relate the physical control parameters to 
the growth of the yeast cells and in turn the fin a l cytochrome P-450 and 
by-product production. This is required by the computer program so that 
biomass and cytochrome P-450 can be co-related to f  ormulate the 
tim e-profiles.
The main criterion used by Salihon (1984) to test his quadratic equations 
was that the fin a l concentration of the cytochrome P-450 matched the 
estimated values obtained from  his experiments. The model fo r the cytochrome 
P-450 developed here by Salihon (1984) and used in this project are designed 
fo r experiments that w ill run fo r  a maximum period of 32 hours. This was the 
longest time taken fo r the maximum cytochrome P-450 concentration to be 
reached during any experimental run undertaken by Salihon (1984)
The quadratic equations generated by Salihon (1984) were found to f i t  his 
data very well. Therefore i t  was assumed that no fu rther checks on this 
analysis should be carried out unless the program in appendix 1 failed to 
converge within the specified tolerance.
The equations produced above were solved by a fourth order Runge-Kutta 
routine in the computer program supplied in appendix 1 a fte r being 
manipulated to conform to the Pontryagin maximum principle to produce the 
tim e-profiles shown in the next chapter.
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The above equations related the growth of the biomass to production of the 
cytochrome P-450 (eqn 4*6).  The basic biomass equation being a modified form  
of the logistic equation perm itting changes in the control parameters to 
affec t the fina l biomass concentration. This implies that the concentration 
of the biomass can be related, w ith  respect to time, to the measured and 
controlled conditions in the ferm enter. Equation 4 -4  w ill approach zero as 
the value of the biomass approaches the given fin a l biomass. This is in
keeping w ith the known growth o f the yeast which reaches a maximum of 
between 8 to 11 g dry w t/1 by the end of the fermentation. The model fo r the 
production of the cytochrome P-450 bases the yield of the cytochrome P-450 
on the concentration of the biomass. The actual concentration of the 
cytochrome P-450 a t every point during a fermentation is not known, but from  
the assumptions made by Salihon (1984) this is one way of relating the known 
data to the model. I t  is believed that the actual synthesis of the 
cytochrome P-450 starts a t a specific point during the fermentation and not 
gradually as is indicated in these models. However the introduction of
discontinuities in the model does not permit simple models to be produced 
fo r the production of the cytochrome P-450 or the control parameters with  
respect to time. I t  is also known that making large changes to the 
environmental conditions in the fermenter w ill adversely a ffec t the yeast
growth which may occur i f  discontinuous models were used to estimate the
P-450 concentration. As was seen from the results of the set-point 
experiments carried out by Salihon (1984) there are significant changes 
between the optimum conditions fo r  the production of Cytochrome P-450 and 
the yeast biomass. I t  can therefore be expected that the profiles should 
re flec t the change in conditions fo r the d ifferent control phases within the
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fermentation to ensure that optimum biomass and then cytochrome P-450 yields 
are achieved.
The by-product model relates the concentration of the carbon-dioxide and 
ethanol produced to the rate  of growth of the yeast and the concentration of 
the biomass and the by-product. This w ill cause the by-products to decrease 
as the yeast reaches its maximum concentration. The coefficients in the 
equation can be determined from  previous experiments where the final 
by-product concentration is known, in this case only ethanol needs to be 
considered as there w ill be no production of carbon dioxide when the yeast 
has stopped growing.
The alkali model relates the amount of alkali required to neutralise the 
products of the fermentation which are known to be acidic. Salihon (1984) 
assumed that these were ethanoic acid, but in terms of anaerobic 
fermentation this is more likely to be lactates and lactic acid. However the 
exact cause fo r the change in the pH is not v ita l in terms of producing a 
model to predict the changes in the pH during the fermentation. The model 
takes into consideration the state of the fermentation by using the yeast 
biomass concentration and the quantity of the by-products produced.
The production of the tim e-profiles from these assumptions using the 
Pontryagin Maximum principle is discussed in the next chapter. The results 
from  the profiles are examined to see i f  the expected improvements are 
obtained and where the models did not correctly predict the conditions 
w ithin the ferm enter.
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CHAPTER 5
TIME-PROFILE GENERATION 
AND ANALYSIS
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5 ' 1 Introduction
The set of quadratic equations given in chapter 4 give an empirical 
description of the effects of operating control variables on key production 
rates in the process, notably biomass and enzyme production rates. The 
Pontryagin continuous maximum principle is applied to these equations in 
order to solve them and generate time profiles fo r each of the control 
variables to produce a meiximum enzyme yield. The computer program fo r  
carrying out this operation was developed at the University of Surrey. 
Optimal set-point values of the control variables were validated 
experimentally, and, fo r comparison, set-point experiments were 
interspersed among the time profile runs.
Before the analysis of the program’s results can be made a study of the 
in itia l medium concentrations was carried out to ensure that the optimum 
conditions fo r the medium were available fo r the peak enzyme production. 
The concentration of the medium components is not subject to the analysis 
of the Pontryagin Maximum Principle. As mentioned in chapter 4 the control 
of the medium composition in the fermenter, during the fermentation, has 
not been studied because of the d ifficu lty  in maintaining a constant volume 
during the fermentation runs amongst other d ifficulties.
Once the program has been run and a set of tim e-profiles obtained these 
w ill be compared w ith the set-point optimum results to compare the 
predicted improvement in yield w ith the values achieved.
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5 *2  Confirm ation o f the Optimum set-po in t param eters .
Before any experiments could be carried out it  was necessary to confirm  
that the medium concentrations used by Salihon (1984), fo r the set-point 
experiments, were at their optima. The use of the set-point optimum medium 
in the tim e-profile  experiments is a compromise due to the lim ited amount 
of equipment available at the s ta rt of the project which did not allow fo r  
the use of tim e-profiled  medium concentration control. Towards the end of
the project it  became possible to have better control of the conditions in
the ferm enter, but unfortunately there was insufficient time to set up a
series of fed batch experiments to investigate, in detail, the
tim e-profiled media control.
A series of batch fermentation experiments were carried out in the 51 
ferm enter to investigate the position of the optimum. Each of the medium 
components were tried  a t the ir optimum concentration and at 75% and 125% of 
their optimum concentrations. The results from  these experiments are shown 
in figures 5*1 to 5 *4  .
There was no obvious change in the yield of the cytochrome P-450 and it  was 
decided that the optimum set-point values fo r the medium should be used. 
The analysis of the experimental study was carried out by examining the 
mean of the cytochrome P-450 concentration in each group of experiments and 
comparing the means cytochrome P-450 from each group of biological control 
experiments w ith those carried out at the 75% and the 125% levels of the 
medium. The analysis showed that the concentration of cytochrome P-450 was 
at a maximum at the optimum medium concentrations reported by Salihon 
(1984).
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The analysis tested the null hypothesis that the means of the experimental 
results was the same. The t-te s t was used to determine the significance of 
the results, see Appendix 2. All results except those fo r the 125% glucose 
were not significant at the 80% level. The 125% glucose result was 
significant a t the 99.5% level indicating that the means of a ll the glucose 
experiments were sim ilar. However since Salihon (1984) also took economic 
factors into consideration, the quantity of glucose used was taken as the 
100% of the optimum glucose obtained by Salihon (1984).
A fu rther series of experiments was carried out using a 2^ ha lf replicate  
facto ria l method whose general method is described in the previous chapter.
The 2^ ha lf replicate factoria l experiments were carried out to investigate 
whether an individual component, in the medium, or a series of interactions 
between the components, was more significant, on the yield of the 
cytochrome P-450 than the other medium components.
The facto ria l experiments found that the glucose and the yeast extract 
significantly affected the yield in cytochrome P-450 when analysed at the 
95% level. I f  the level of significance was then dropped to 92*5% the salt 
concentration in the medium also became significant. There were no 
significant interactions between any of the medium components. The results 
of this analysis are shown in tables 5 *2  to 5*4.
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V a r i a b l e - 1 0 + 1
Glucose 105 - 4 1 4 0 - 5 175-6
Yeast  E x t r a c t 12 - 7 1 6 - 9 2 1 - 1
Mycol og i  cai  
Peptone
7 - 8 1 0 - 4 13-0
S a l t 0 - 7 0 -  9 1 - 1
Table 5 *2  Levels o f the variables fo r  the 2 fa c to r ia l experim ent.
Glucose ( -1  ) Glucose (+1 )
YE ( - 1 ) YE ( +1 ) YE ( - 1 ) YE (+1)
MP 
-  1
S
- 1 3 8 1 . 0 1 1 0 0 . 0
S 
+ 1 9 5 3 . 0 488 .  0
MP 
+ 1
s
- 1 1 0 2 1 . 0 5 6 2 . 0
s
+1 2 8 3 . 0 1 0 7 5 . 0
Table 5 *3  Results o f the 2 fa c to r ia l experim ent.
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T r  e a t ment  
Comb i n a t i o n
Response
Y i e l d
l = t
C a l c .
2 nd
Ca l c .
3 rd
C a l c .
E s t i  ma t e d  
E f  f  e c t
( 1 ) 3 8 1 . 0 8 6 9 . 0 2 9 2 2 . 0 5 8 6 3 . 0 T o t a l
G - S 4 8 8 . 0 2 0 5 3 . 0 2 9 4 1 . 0 5 8 7 . 0 G
Y E - S 9 5 3 . 0 8 4 5 . 0 2 5 4 . 0 2 4 3 5 . 0 YE
G - Y E 1 1 0 0 . 0 2 0 9 6 . 0 3 3 3 . 0 - 1 8 5 . 0 G Y E  + M S
MP -  S 2 8 3 . 0 1 0 7 . 0 1 1 8 4 . 0 19 .0 MP
G - M P 5 6 2 . 0 1 4 7 . 0 1 2 5 1 . 0 7 9 . 0 G MP + Y S
YE —MP 1 0 2 1 . 0 2 7 9 . 0 4 0 . 0 6 7 . 0 YE MP + S
G - Y E - M P - S 1 0 7 5 . 0 5 4 . 0 - 2 2 5 . 0 - 2 6 5 . 0 S
Fig 5 -4  Yates method of trea tm en t fo r  the 2 h a lf rep lica te  fa c to r ia l.
5 *3  Evaluation o f the optimum tim e -p ro file s .
Once i t  had been established that the medium components fo r the yeast 
fermentation were at the ir optimum it  was possible to continue w ith the 
development of the tim e-pro file  programs and to analyse the results. The 
optimum set-point experiments were used as biological control experiments 
along w ith shake flask aliquots of medium taken taken from  the ferm enter 
which were used to check the sterility  of the system and used as a 
comparison fo r other shake flask experimental studies carried out by 
previous workers.
A computer program was used to solve the optimisation equations from  the 
previous chapter. The method of solving the equations is given by Cheruy 
and Durand (1979) who produced a flow  diagram upon which the computer 
program used was based. The flow  diagram customised fo r this application is 
shown below in figure 5 5.
139
Figure 5.5“ Flow Diagram For The Continuous Maximum
Profile Program
NO
/ H a s \  '^Variable"' 
hit a 
Constraint
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Start
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Temp, pH, 
Stirrer Speed
Step Change the 
Control Variable 
Using the 
Steepest ascent of the 
Hamiltonian
FIGURE 5*5
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To start the program the in itia l concentration of biomass was set as 0*774 
g dry w t /  1 and the cytochrome P-450 as 5*44 nmol /  1. These were the 
average values achieved, in the inoculum used fo r the seeding of the Si 
ferm enter, under set point conditions, from the experiments carried out by 
Salihon (1984) and Blatiak (1987). Any reasonable value fo r the in itia l 
size of the inoculum concentration of cytochrome P-450 can be made using 
this program.
Small modifications to Salihon’s original programs were made to ease their 
use and to speed up the overall running time. To ease the use of the main 
computer program the data was read in from  data-files  as opposed to 
manually entered from  the keyboard. This permitted the starting conditions 
of the yeast inocula to be checked quickly. Also the program takes an 
appreciable amount of time to run. Therefore the number of iterations was 
lim ited to cut down on the amount of computer time used. The loss in 
accuracy of the fin a l profiles was not thought to be important because of 
the lim itations of the control system on the ferm enter to reproduce these 
tim e-profiles and from  analysis carried out on the number of iterations 
required to solve these equations, as w ill be discussed la ter in this 
chapter.
5 *4  Program  Step Size
The program step is the change made in the time variable fo r each iteration  
of the program. I f  the size of this step is small then the change in the 
predicted variables such as pH, s tirre r speed and temperature w ill also be 
small. Obviously i f  an extremely small step size is used then the time
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taken fo r the program to achieve the final objective, ie a fermentation run
of 32 hours, w ill take much longer than i f  the step size was larger. The
step size, however, also plays an important role in maintaining the 
accuracy of the fin a l predicted curves. The precision of the computer
system also plays a role in ensuring that the accuracy of the models over a
large number of iterations is maintained.
To find the optimum tim e-profiles it  was necessary to carry out a series of 
tests on the program to investigate the effect of step size on the
predicted optima. This problem arose because the value of ÔH/ôv must be 
zero fo r the program to achieve its optimum. In actual terms fo r a computer 
program, this value cannot be zero but can be a very small number. In this 
case the value of dH/dv is taken as the tolerance available on the computer 
system. For the PRIME system this is 1x10 fo r single precision numbers.
The iterative step size determines the fina l value of ôH/9v. I t  is easy to 
oscillate around the zero point. To avoid this oscillatory action the
tolerance of the 9H /9v has to be lowered. I t  was also known that the
optimum values fo r the tim e-profile  experiments must lie close to the area 
of the optimum set-point results obtained by Salihon (1984). Provided a 
good starting point is used, the solution can be obtained w ithin a fin ite  
number of iterations, ie. the program can be run fo r a lim ited number of 
iterations rather than trying to obtain the minimum possible value of
9H/9V.
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A choice was made to lim it the number of iterations to 200, keeping the 
step size small (0.01). To check that the optimum had been achieved, the 
same optimisation was carried out with 1000 instead of 200 iterations. The 
change in the profile  obtained was not noticeably d ifferent. The predicted 
yield of cytochrome P-450 changed from 2187.81 nmol /  1 (fo r the 200 
iterations) to 2196.5 nmol /  1 fo r  the 1000 iterations.
The profiles studied in this project w ill be compared to the optimum 
set-point conditions. These profiles, based on the above results, predict 
an improvement of 113% more cytochrome P-450 when compared w ith  the best 
yield obtained under set-point control as reported by Salihon (1984).
5 *5  The T im e -P ro file  Experim ents.
The in itia l objective of these experiments is to investigate the effect of 
the predicted profiles on the overall yield of cytochrome P-450 in the 
yeast. At the s ta rt of the project, it  was necessary to investigate the 
stab ility  and accuracy, termed robustness la ter in this chapter, of the 
models used and the optimum media composition fo r the experiments.
The comparison of these experiments was made against the optimum set-point 
biological control experiments which have been tried  and tested by Salihon 
(1984). The conditions of the set-point experiments have already been 
examined to establish that they are at their optimum.
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5*6  The Biological Control Experim ents
In order to compare the results obtained w ith other workers i t  was
necessary to carry out a series of set-point control experiments
interspersed w ith  the actual tim e-profile  experiments. This was done so 
that the effects of the inoculum age and changes in batches of medium 
components could be accounted fo r in the analysis of the results.
During the running of the experiments it  was not possible to carry out more 
then one fermentation run a t a time since only one computer controlled
ferm enter was available. In order to get a comparison between the various
runs a series of shake flask experiments were carried out using aliquots of 
medium taken from  the seeded fermenter at the start of the experiments. 
From the results obtained in the shake flasks i t  was possible to carry out 
comparisons of results w ith those of other co-workers who also used shake 
flasks fo r their experiments. This ensured that the results obtained were 
consistent w ith previous experiments smd any problems could quickly be 
identified.
A check on the s te rility  of the operation was made by taking aliquots of 
the medium before inoculating the fermenter. These aliquots were incubated 
at the same time as the shake-flask controls. I f  i t  was found that these 
aliquots were contaminated then the results from  the fermentation were 
discarded.
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5*7  Robustness o f the Models used
Using the computer program within the narrow bounds specified by Salihon 
(1984) in his thesis, does not take into account the possibility that there 
is an optimum outside of that area. I t  is also necessary to check that the 
results do not fa l l  into a region which is to ta lly  meaningless in terms of 
a biological system, ie high temperature, extremes of pH and s tirre r speed.
When the profiles were in itia lly  produced a lim ited number of iterations 
(200 or 1000 iterations) were computed. During the completion of the 
optimisation process a number of tim e-profiles can be produced. The use of 
a limited number of iterations was thought to be of lit t le  relevance to the 
fin a l outcome of the profiles that were produced. Investigation of the 
tim e-profile  computer program w ith  the parameters used by Salihon (1984) 
gave the fin a l values of cytochrome P-450 and yeast biomass that were 
reported in his thesis. This section takes a look a t what happens i f  the 
in itia l conditions used in generating the profiles are not available due to 
changes in the seed culture production methods and the amount of seed 
culture used.
Table 5*5  below shows the variations in the in itia l levels of cytochrome 
P-450 and the biomass on the predicted final biomass and cytochrome P-450  
from  the tim e-profile  computer program.
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I n i t i a l  
Y e a s t  
B i omass  
( g / 1 )  
( dry  we ight )
I n i t i a l  
Cy t  ochrome  
P - 4 5 0  
( nmo 1 / 1 )
F i n a l  
Yea St  
B i omass 
( g / 1 )  
( d r y  we i ght )
F i n a l  
Cy t  ochrome  
P - 4 5 0  
( nmo 1 /  1 )
0 • 0 0 O'OO O' 0 0 O'OO
0 • 5 0 O'OO 9' 81 1 9 0 2 . 0 7
1 • 0 0 O'OO 9- 88 2 0 9 2 - 6 1
1 • 5 0 O'OO 9- 93 2 2 0 9 . 0 2
2 • 0 0 O'OO 9' 95 2 2 8 6 . 8 4
0 • 5 0 10 00 9 ' 83 1 9 0 9 .  17
1 • 0 0 l O ' OO 9' 9 0 2 0 8 3 . 4 4
1 • 5 0 1 0 ' 0 0 9 ' 92 2 2 0 3 . 0 9
2 • 0 0 l O' OO 9' 96 2 3 1 3 . 2 4
0 • 5 0 2 0 ' 0 0 9* 82 1 9 2 1 . 3 2
1 • 0 0 2 0 ' 0 0 9 ' 89 2 1 0 5 . 6 9
1 • 5 0 2 0 ' 0 0 9- 9 2 2 2 2 9 . 2 6
2 • 0 0 2 0 - 0 0 9 ' 94 2 3 2 7 . 0 4
Table 5»5 Predicted Results fro m  the optim isation  
computer program
The fina l predicted cytochrome P-450 and the yeast biomass concentrations 
show that there is likely to be a small difference in the yields when the 
inoculum levels are changed. This is particularly important i f  the content 
of the cytochrome P-450 changes in the yeast inoculum. The program was 
checked to investigate the models response to a zero inoculum. Importantly 
the program correctly predicted a zero final biomass and cytochrome P-450
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yield! Obviously this is an inherent part of the model, but none the less 
an important result.
The change in the profile obtained is also analysed to see i f  the starting  
position affects the path follcwed by the optimum profile. The results are 
shown in figure 5 -6  to figure 5*12. It  is not surprising to see that the 
profiles obtained vary in time w ith the size of the inoculum. As the size 
of the inoculum increases the profiles remain the same but each event along 
the profile  starts earlier or la ter in the profile depending upon the 
relative size of the inoculum. When the cytochrome P-450 level is altered  
in the seed culture the profiles obtained do not change in any way. The 
reason that the in itia l cytochrome P-450 level does not a f f  ect the 
tim e-pro file  is due to the arrangement of the equations used in the 
computer program. The equations used in the optimisation program to relate  
the cytochrome P-450 to the yeast biomass concentration, take the in itia l 
quantity of cytochrome P-450 and sums the calculated cytochrome P-450 to 
that value a fte r  each iteration. Since the in itia l amount of cytochrome 
P-450 is very small i t  has very lit t le  effect on the fin a l predicted yield. 
The results from  the optimum profiles carried out experimentally are given 
in the next section.
The program was also checked to see i f  i t  was possible to move outside of a 
biologically feasible area fo r the predicted tim e-profiles. At no time was 
it  possible to obtain such a result provided a reasonable starting position 
was given. The f irs t  guess fo r the system was the optimum set-point values 
as shown in table 4 ' la.
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The figures shown below are the predicted tim e-profile  curves from the 
computer program shown in Appendix 1. Each series of curves exhibits a 
maximum /  minimum value in that variable around 12 to 16 hours a fte r the 
s ta rt of the fermentation. The drop in temperature appears to be almost a 
m irror image of the s tirre r speed curves. This is due to the way in which 
this problem is modelled. The drop in temperature also coincides with a 
drop in the biomass as well as the increase in s tirre r  speed. The increase 
in s tirre r speed indicates an increase in the oxygen transfer ra te  into the 
fermentation broth. This comes at the end of the yeasts maximum growth 
indicating a change of mechanisms in the model from  the yeasts maximum 
growth to the production of the cytochrome P-450.
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The model predicts that the biomass concentration levels o ff a fte r about 12 
hours. Equation 4 • 4 predicts that once this biomass concentration is 
achieved (as indicated by the fin a l biomass concentration k^) there w ill be 
no fu rther increase. I t  is interesting to note that the biomass reaches a 
peak and then fa lls  before increasing very slightly over the remaining 
hours. The changes in the control parameters indicate that the model is 
s till trying to obtain more biomass. However from  the form  of equation 4*4  
once the fin a l biomass concentration is achieved (indicated by k^) there 
w ill be no fu rth er increase in biomass. This causes the model to correctly 
obtain the fin a l biomass value fo r  any experiment.
The sharp increase in the s tirre r speed profile, and thus the oxygen 
transf e r-ra te , a t this point indicates that the model is attempting to 
maximise the amount of biomass present before dropping sharply to the lower 
s tirre r speed/aeration levels associated w ith enzyme production. The 
temperature profile  starts and finishes at approximately the same 
temperature, dropping as the predicted biomass growth passes out of the 
exponential phase and dropping sharply as the predicted biomass 
concentration levels o ff and rising sharply again as the predicted enzyme 
production ra te  starts to accelerate. This compares to a similar 
temperature profile  fo r maximising penicillin production that was reported 
by Constantinides et a l. (1970) which was believed to contribute to a 
decrease in the penicillin degradation rate. This degradation rate  became 
the ra te  lim iting influence on the model at this point. I t  would appear 
that a sim ilar influence is being exerted on this model whereby the biomass 
leaves the exponential phase the cytochrome P-450 production rate becomes 
the most determining parameter in the model. This is followed by the
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degradation parameter becoming dominant as the synthesis of the cytochrome 
P-450 stops due to the cessation of significant growth of the yeast, the 
biomass and the cytochrome P-450 production being closely linked.
The fin a l tim e-profiles show the period of 12 -  16 hours where there  
appears to be the change in mechanism fo r the model between favoring the
biomass production and the cytochrome P-450 production. This can also be
related to the models used which indicate that the biomass production is 
much more dependent upon the temperature whereas the cytochrome P-450 is 
more dependent upon the pH and s tirre r speed. This is to be expected as the 
pH of the ferm enter environment w ill greatly a ffe c t the activity of the 
enzyme. Also the occurrence of the cytochrome P-450 has been reported in 
studies where there is lit t le  oxygen available to the cell either by
glucose repression of the cells main respiratory pathways or by ensuring 
that there is very lit t le  oxygen available to the yeast by lim iting the 
transfer of oxygen to the fermentation broth. The calculated tim e-profiles  
emphasize these points thereby ensuring that the optimum conditions are 
present fo r the enzyme stability as well as ensuring that the best
conditions exist fo r the growth of the yeast in an environment that is 
becoming less and less optimal fo r  its survival. There appears to be, a fte r  
the region of greatest change, a region in which the profiles assume 
optimum conditions to ensure that the levels of the cytochrome P-450 
enzymes are sustained and that the yeast can also survive to provide a 
suitable environment fo r  the storage of the intracellular enzymes.
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5 *8  Experim ental Results Obtained
The f irs t  series of experiments carried out were to investigate the effect 
of d ifferent yeast biomass inoculum levels on the fin a l predicted 
cytochrome P-450 and biomass concentrations. In each case the seed cultures 
were grown according to the method given in the chapter 3. The d iffering  
levels of cytochrome P-450 in the fermenter inoculum could not be analysed 
because there was no cytochrome P-450 present in the seed culture at the 
time of inoculation.
The experiments were carried out using (wet weight) inocula of 5*0g,  lO'Og, 
and 2 0 '0 g  of spun down yeast, which corresponds to dry weight inocula of 
0 ‘ 86g, l'7 0 g , 3 ' 4g  respectively, added to the 51 fermentation vessel
containing 41 of fermentation medium.
The results from  these experiments are shown below in table 5*6.  There 
appears to be no appreciable difference in the cytochrome P-450 maximum 
peak yield, and the fin a l biomass measured appears to be constant (within  
experimental error) in each experiment. The results of the experimental 
data do not approach the yield of cytochrome P-450 as predicted by the 
computer program. This may be accounted fo r by the changes made in the 
batches of powdered medium used. The effects of the d ifferent batches with  
apparently sim ilar medium components is discussed in la ter chapters. The 
fin a l levels of yeast biomass were 207. higher than those predicted by the 
computer. This is also attributed to the d ifferent batches of nutrients 
used in the formulation of the ferm enter medium.
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I nocul  um 
Yeast
(g d ry  w t / 1 )
Cy t o chrome  
P - 4 5 0  i n  
I n o c u l  um 
( nmo 1/1 )
F i n a l  
B i omass
( g d r y  w t/1 )
F i n a l  
Cy t  0  chrome 
P - 4 5 0  
( n m o l / I  )
0 * 8 6 0 • 00 1 1 - 9 0 6 3 2 - 5 0
1 *70 0 • 00 12-  10 64 8 - 3 0
3 - 4 0 0 • 00 1 2 - 2 0 6 4 1 - 9 0
Table 5 6 E f f e c t  o f inoculum levels on the cytochrome P -450  
and Biomass peak yields
Having found that the yields of cytochrome P-450 and the yeast biomass did 
not vary as much as was predicted by the optimisation program it  was 
decided to investigate the claim by Salihon (1984) that there should be a 
113% improvement in the yield of cytochrome P-450 compared w ith  the best of 
the set-point controls. The experiments were carried out using an inoculum 
of lOg wet weight. All the experiments tabulated below were carried out 
using the same batches of medium.
Table 5*7,  below, shows the results of the tim e-pro file  and set point 
comparison tests. The two sets of results show the maximum biomass and 
cytochrome P-450 yields fo r the series of six experiments. A standard 
t - te s t  was carried out to investigate i f  the mean peak yield of cytochrome 
P-450 or the yeast biomass can be regarded as the same. The results are 
shown in Appendix 2 table A2*l .  I t  was found that there is no significant 
difference between the means of the two sets of experiments when measured
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at the 99.9% level. The standard deviation of the two samples was 
significantly d ifferen t when measured at the 99.9% level.
T i m e - P r o f  i le C o n t r o l S e t - p o i n t  Cont ro l
Cy t  0  chrome  
P - 4 5 0  
( n m o 1 / 1 )
Y e a s t  
B i o m a s s  
(g d r y  w t/1 )
C y t o chrome  
P - 4 5 0  
( nmo 1 / 1 )
Y e a s t  
B i omas s 
(g d r y  w t/1 )
5 1 1 . 5 0 8 .  0 0 5 0 7 . 6 0 8 .  0 8
5 2 0 . 8 0 8 . 0 0 6 5 0 . 0 0 8 . 6 0
5 6 1 . 3 5 9 . 3 7 5 9 5 . 0 0 8 . 6 0
5 2 6 . 3 5 7 . 5 0 4 5 4 . 5 0 7 . 7 4
6 0 0 . 0 0 8 .  26 6 6 7 . 0 0 9 . 8 9
4 9 2 . 0 0 7 . 5 7 4 8 4 . 0 0 7 . 5 7
Table 5 -7  Comparison o f the T im e-p ro file  and Set-po in t control 
5 -9  Operating the T im e -P ro file s
When operating the "optimum-time profile" experiments using the Electrolux 
Fermentation package there is a lim it to the number of steps allowed to 
input the tim e-profiles. The current number of steps allowed is 10. 
Obviously attempting to f i t  the profile shown in figures 5*6 to 5-11 w ill 
not be possible. However an approximation to the tim e-profiles, using 10 
points, can be made i f  the key features of the optimum-profile curves are 
taken. These can be used as the data fo r the fermentation computer control 
package.
Most of the experimental work was carried out using such approximations to 
the tim e-profiles. To overcome this d ifficu lty  the profiles were split into
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several multiple groups of 10 points and stored on the computer. These 
groups are termed multiples, where a multiple is a section of the 
tim e-profile  curve. Each multiple was recalled manually into the control 
program, w ith a minimum of interference to the running of the control 
program. The profiles were split into multiples such that the three 
controlled variables, (temperature, s tirre r speed and pH), could be changed 
at about the same time. An obvious change over time fo r the profiles is 
around the 12 hour mark in the profiles where they all change dramatically. 
The next major event fo r the profiles in general is the change again at 16 
hours. Therefore the profiles were split into two multiples over this time 
period. Although it  would have been better to increase the number of 
multiple tim e-profiles i t  became impractical to make any more than two 
multiples because each time a series of new profiles were to be added 
required the computer control to be halted and the profiles loaded into the 
computer and control restarted. Each time that this stop-start routine was 
carried out the time profile drifted  away from the ir optima.
The two multiple tim e-profiles gave a much closer f i t  to the actual 
predicted tim e-profile  curves. The results from  these experiments along 
w ith  the control set-point experiments are shown in table 5 *8  below.
These multiple tim e-profile  experiments show an improvement compared to the 
ordinary tim e-pro file  control. However the overall yield of cytochrome 
P-450 is much the same in both the set-point control experiments and the 
multiple tim e-profiled experiments.
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T i m e - P r o f  i le C o n t r o l S e t - p o i n t  Cont ro l
C y t  ochrome  
P - 4 5 0  
( nm ol /  I )
Y e a s t  
Bi  omass  
( g d r y  w t/1 )
Cyt ochrom e  
P - 4 5 0  
( n m o l / 1 )
Y e a s t  
Bi oma  s s 
(g d r y  w t/1 )
1 3 6 5 . 0 0 1 1 . 1 8 8 0 6 . 2 0 9 . 9 8
1 5 5 1 . 0 0 1 1 . 3 5 1 3 3 9 . 6 5 1 0 . 0 6
1 4 0 4 . 9 0 10.  84 1 2 0 3 . 3 0 10.  8 4
1 4 1 9 . 0 0 1 1 . 0 9 1 5 5 7 . 2 0 1 1 . 7 0
1 2 4 6 - 2 0 1 0 . 6 6 1 3 8 4 . 5 0 1 1 . 2 0
1 5 0 5 . 0 0 10.  84 1 3 0 5 . 6 0 1 1 . 0 1
Table 5 -8  Comparison o f the m ultiple T im e -p ro file  and Set-po in t control
Appendix 2 shows the analysis of the t-te s t fo r the significance that the 
means and the variances of the two sets of experiments are the same. In the 
case of the mean cytochrome P-450 it  was found that in the two sets of 
experiments the means were significantly alike when measured at the 99.9% 
level. The variance of the two samples did not vary greatly being 
significant at the 97*5% level. This indicates that even though the mean 
amount of cytochrome P-450 was obtained in both sets of experiments the 
tim e-profiled experiments produced a more consistent amount, because the 
standard deviation fo r the time profiled experiments was much smaller. 
There was no statistically significantly measured difference in the mean 
and variance of the yeast biomass in these two experiments. A summary of 
the multiple tim e-profile  and the standard tim e-profile  experiments along 
w ith the corresponding control set-point experiments is shown below in 
table 5-9.
162
There is a noticeable difference between the f irs t  and the second series of 
experiments. A portion of the improvement may be the result of improved 
control achieved through the use of the multiple tim e-profiles. However 
this does not account fo r a sim ilar improvement in the set-point control 
experiments.
The coefficient of variation fo r the cytochrome P-450 has not changed from  
the original tim e-profile  to the multiple tim e-profile  experiments. However 
this was not the case fo r the biomass. The biomass results fo r the 
tim e-profiled  experiments show that the coefficient of variation decreases 
greatly when the tim e-profiles are followed more closely. This is an 
encouraging response which indicates that there is a definite need to 
follow  the profiles as closely as possible to ensure that the yeast is kept 
at its optimum growth conditions. For the cytochrome P-450 there was no 
such improvement noted. In la ter chapters the effects of the the medium 
components w ill be studied in detail to determine i f  they play a more 
dominant role in the production of cytochrome P-450 than the physically 
controlled parameters.
I t  was noted that the second series of experiments was carried out with  
diffe ren t batches of medium components. This it  was believed contributed a 
m ajor part to the change in the overall yield of both the biomass and the 
cytochrome P-450. A more detailed analysis of these effects is made in 
following chapters.
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T i m e - p r o f i l e  
1®^ ser i es
Se t - p o i n t  
1  ^ s e r i es
T i m e - p r o f i l e  
mu 1 1 i p i e  
s e r i  es
Se t - po  i nt  
c o n t r o 1 
ser i es
N u m b er o f  
E x p e r  i me  n t  s
6 6 6 6
Me an V a l u e  of  
C y t  o c h r  ome  
P - 4 5 0  
( n m o 1 / 1 )
535*33 559*68 1415*18 1 2 6 6 * 0 8
S t  a n d a r  d 
D e v i a t i o n  
( n -  1 )
38*98 89 * 9 2 107*43 2 5 3 * 4 5
C o e f f i c i e n t  
o f  V a r  i a t  i on  
( %)
7*28 16*07 7 * 5 9 2 0 * 0 2
M e a n  V a l u e  of  
Y e a s t  B i omass 
( g d r y  w t / 1 )
8*12 8*41 10*99 1 0 * 8 0
S t  a n d a r  d 
D e v i a t i o n  
( n -  1 )
0 * 68 0* 84 0 * 2 6 0 * 6 7
C o e f f i c i  e n t  
o f  V a r i a t i o n  
( %)
8*37 9* 99 2 * 3 7 6 *20
Table 5* 9 Data summary fro m  tables 5*7  and 5*8.
A typical set of experimental data is shown in figures 5-13 to 5*15 fo r the 
actual parameter tim e-profile . A typical biomass and cytochrome P-450 curve 
is shown in figure 5*16. Analysis of these results is carried out in the 
next chapters.
The main difference between the predicted curves and the experimental 
curves is the biomass and cytochrome P-450 results. The biomass result
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shows a steady increase the biomass concentration until about 26 hours. The 
P-450 results show that there is no cytochrome P-450 at the s ta rt of the 
experiment and that there is a sharp rise in the level of the cytochrome 
P-450 from about 20 hours and the the cytochrome P-450 remains at a 
measurable level long a fte r the peak concentration has been reached.
I t  was also noted that the cytochrome P-450 peak occurred about 1 hour 
a fte r  the biomass peak concentration. The biomass does not reach a steady 
value a fte r the exponential phase, but instead as i t  was predicted by the 
model it  dropped to a lower value. This was also observed in the actual 
experiments.
However the ra te  at which the fin a l biomass is achieved is believed to 
occur too quickly. The experimental values that follow indicate that the 
biomass is s till increasing up to about 26 -  32 hours a fte r the inoculation 
of the fermenter. Since the overall model is very dependent on the biomass 
prediction any error at this point w ill cause subsequent errors in the rest 
of the calculated variables. In la ter chapters i t  is noted that the 
measured cytochromes P-450 are probably not growth related and therefore  
changes should be made to this empirical model to better represent the 
actual biochemical and physiological behaviour in the fermentation of this 
yeast.
This would indicate that the equations used to describe the biomass and the 
cytochrome P-450 are not correct. The general form  of the equation is 
correct but the coefficients w ill need further tuning to correctly estimate 
these parameters. One of the main reasons fo r this difference is that
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Salihon (1984) produced his equations to ensure that the fin a l biomass and 
cytochrome P-450 were correctly estimated. He did not take into account the 
changes that could be expected to occur with respect to time. The final 
concentration equations were used to estimate the production of biomass and 
cytochrome P-450 over a fixed period of time and should not be relied upon 
to give correct results at any time during the ferm entation except at the 
f in a l time point fo r  which these equations were established.
The main differences between the predicted curve and the actual experiments 
is the time at which the maximum concentration of the yeast biomass and the 
cytochrome P-450 enzymes occur. The model predicts the biomass peak too 
early and the cytochrome P-450 peak too late a fte r the biomass peak. The 
model is also restricted by the time of the fermentation being set to 32 
hours. The actual experiments indicate that the biomass and cytochrome 
P-450 peak concentrations occur around 31 hours whereas the model predicts 
12 and 31 hours respectively.
The incorrectly predicted times of the biomass and the cytochrome P-450  
shows that the coefficients (a and k ) used in the models need to betterl,n 1
tuned to the real experimental data. The models were not properly developed 
fo r  use on a time dependent basis but fo r the calculation of fin a l biomass 
and fina l cytochrome P-450 concentrations. The models do predict the 
correct fina l biomass concentration and an indication of the final 
cytochrome P-450 concentration but not the correct time a t which they 
occur.
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5 ' I Q  Conclusions
1) The 2^ half replicate factoria l experiments carried out confirmed
previous observations that there were no significant interactions in 
between the medium components. This was important in establishing the 
models which were submitted to the Continuous Maximum Principle fo r the 
production of the tim e-profiles.
2) The calculated tim e-profiled controlled variable was d iffic u lt to  
reproduce on the current computer control equipment.
3) The use of staggered starting values fo r the tim e-profiles using
d iffe ren t in itia l conditions of yeast inoculum size and the in itia l
cytochrome P-450 concentration did not improve the fina l yield of the 
cytochrome P-450.
4) The overall peak yield of cytochrome P-450 is approximately the same in 
both the time profiled and set-point experiments,
5) There appears to be an e ffect on the yield of the cytochrome P-450
enzymes when batches of the components of the complex medium are changed.
6) The same batches of medium components must be used fo r all sets of 
experiments i f  direct comparisons are to be made between individual 
experiments.
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7) There is some evidence that the components within the complex medium 
affec t the variab ility  (expressed as the coefficient of variation) as well 
as the cytochrome P-450 maximum peak yield.
8) The tim e-pro file  experiments have shown statistically less variability  
in peak yield, expressed as the coefficient of variation, than the 
set-point control experiments.
9) Biomass yield is much more consistent under multiple tim e-profile  
control than the standard tim e-pro file  control f irs t  attempted.
10) The tim e-profiles can be related to the biological events that happen 
within the fermentation:
As the ferm entation progresses the conditions change to favour the 
biomass growth in itia lly , then change a fte r 12-16 hours to favour the 
cytochrome P-450 production.
There is a phase of instability where the time profiles change from  
promoting the maximum biomass to promoting maximum cytochrome P-450  
synthesis.
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11) The model used to estimate the biomass within the time profile  program 
is not consistent w ith the experimental results obtained. A d ifferent 
series of coefficients should be used to better determine a more realistic  
biomass curve.
12) Errors in the biomass estimation also greatly effect the estimation of 
the other parameters which all dependent upon the biomass concentration in 
the ferm enter models.
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CHAPTER 6
SOURCES OF VARIABILITY IN CYTOCHROME P-450 PRODUCTION
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6 ’ 1 In troduction
Most of the biochemical work carried out to improve the yield of a product 
from  a microorganism concentrates on two points, changing the substrate 
upon which the organism grows or changing the particu lar strain of that 
organism. In this project both the substrate and the organism are fixed so 
that comparisons can be made w ith earlier work. Further improvements in the 
yield of the cytochrome P-450 are therefore d iffic u lt to make. However i f  
the causes fo r d iffering  yields of enzyme can be determined it  should be
possible to get the maximum amount of cytochrome P-450 from  each
experimental run, or at least to predict how much enzyme can be expected at
the end of an experiment. This not only assists in the economics of the 
process but also in the preparation of the downstream processing stages.
From Chapter 2 it  is possible to see that the yields of the Cytochrome
P-450 are reported to be largely dependent upon the strain  of yeast used to 
produce the enzymes. The methods of producing the cytochrome P-450 enzymes 
do not indicate whether there is any improvement in the overall yield of 
the enzyme i f  the yeast is grown continuously, in fed-batch reactors or 
even in a standard stirred reactor.
The difference in the yields obtained by many of the workers can be 
attributed in part to the d ifferen t media used and the conditions in the 
various fermenters. However this does not explain the differences in the 
yields between the experiments that are carried out using the same 
conditions and the same equipment.
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Chapter 7 reports the effects of the d ifferen t batches of media on the peak 
yield of the cytochrome P-450. As mentioned in Chapter 4, the yeast extract 
has a highly significant e ffect on the yield of cytochrome P-450. The assay 
technique used to determine the cytochrome P-450 was studied, in Chapter 3. 
This assay technique was shown to play an important part in the variab ility  
of the measured cytochrome P-450 yield. However assay variations may be 
overcome provided standard procedures are followed.
This chapter w ill study the apparently identical conditions under which the 
yeast is grown to see i f  there are any differences between the experiments 
and what effect, i f  any, this might have on the yield of cytochrome P-450.
The preparation of the fermentation media and the equipment may cause some 
changes in the conditions leading to a change in the yield of the 
cytochrome P-450 enzymes; this w ill be investigated in Chapter 8. In trying  
to analyse the possibility of the variab ility  in the cytochrome P-450 the 
existence of the d ifferen t cytochrome P-450 iso-enzymes which occur under 
d ifferen t conditions and may have changed during the fermentation must be 
taken into account.
In Chapter 2 the existence of several enzymes which are collectively known 
as cytochrome P-450 means that it  is important to know exactly which 
particular iso-enzyme is being synthesised at any one time. The equipment 
which is used to measure the cytochrome P-450 enzymes in this project was 
not sensitive enough to d ifferen tia te  between the cytochrome P-448 and 
cytochrome P-450, therefore this aspect of the variab ility  could not be 
analysed further, but from  the results obtained by King et al. (1983) it
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can be assumed that the iso-enzyme produced by Saccharomyces cerevisiae  
NCYC 754 is cytochrome P-448.
Before analysis of the effect of the fermentation media on the cytochrome 
P-450 yields, the accuracy of control on the ferm enter must be determined. 
Under the "strict" control system that these experiments were carried out 
i t  was fe lt  unlikely that deviation from the optimum control strategies 
contributed to the variation in the yield of the Cytochrome P-450, however 
this w ill be the f irs t  stage of the analysis into the variability  of the
cytochrome P-450 enzymes.
6 *2  Accuracy o f fe rm e n te r  control on Cytochrome P -45 0  Yield  
During the course of using the tim e-profile  and set-point control i t  was 
noticed that there were changes in the yields of the Cytochrome P-450. In 
an attempt to find the reasons fo r the changes in yield several aspects of
the experimental procedure were analysed.
The effectiveness of the control system is one of the most obvious areas in 
which there are likely to be changes from one experiment to another. The 
control of the three main variables, s tirre r speed, temperature and pH is 
carried out using PID control. The tuning of the constants in the
Electrolux Fermentation Control system can be carried out easily to allow  
fo r optimal control of the system.
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The PID constants' are tuned using the Ziegler-Nichols method. This is well 
documented in many computer control texts so the theory w ill not be given 
in any great detail. Essentially there are 5 stages in tuning the 
controllers:
1) Set the control objectives, so that the type of controller can be 
established. In this case PID control of s tirre r speed, pH and 
temperature.
2) Obtain the process reaction curve by making a small but 
significant step change in the parameter being controlled, ie 
s tirre r speed, pH or temperature. This step is carried out under 
proportional control only.
3) Calculate the tuning constants:
1 . 9  *  ( x lController Gain = "Kp *  (0)
Integral Time = 2 *0  *  0 
Derivative Time = 0*5  *  0 
Where t  = Time constant 
Kp = Process gain 
0 = Process dead-time
Methods fo r calculating t , Kp, 0  are given in Appendix 3.
4) Change the set point and observe the response once the tuning 
parameters have been installed.
5) Fine tune the parameters fo r the chosen control tuning constants.
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The values of the tuning constants in this work are shown below in table 
6 • 1:
T u n i n g  
C o n s t  ant
S t i r r e r
Speed
pH T e mp e r a t u r e
Ga i n 3 0 - 0 0 - 2 0 1 - 0 0
I n  t e g r a l  
T ime
( m i n s   ^)
0 - 3 0 0* 15 0 - 1 5
De r  i v a t i v e  
T  ime  
( m i n s )
0 - 0 8 0 - 0 4 0 - 0 4
Table 6*1 Tuning constants
The tuning constants were the same fo r the set point and the time profiled  
experiments.
6 ' 3 Method o f analysis o f control
The results of the experiments were analysed to measure the deviation from  
the optimum control variable. The data which had been stored on floppy disk 
was transferred to the m ain-fram e PRIME computer fo r analysis. The data was 
compared w ith  corresponding optimum set-point or tim e-profiled  control 
values. The results are reported as the sum of the squared differences from  
the optimal set-point and the tim e-profiled data fo r  each experiment. In
this case 129 points are taken at 15 minute intervals, fo r each experiment, 
and compared to the expected optimum value at that time. The value is
squared and a sum total value over the period of 32 hours is obtained. 32
hours is used fo r the period of analysis because this is the time over
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which the tim e-pro file  experiments are optimised. The period of 32 hours is 
taken from  the s ta rt of the experiment (ie at the time of inoculum). This 
period of time was used fo r both set-point and time profiled experiments.
6 -4  Results
The results indicate that the accuracy of the control in the ferm enter fo r 
any experiment, whether set point or tim e-profiled, must be within a 
defined band of operation i f  maximum yields of cytochrome P-450 are to be 
obtained. I f  these bands of operation are exceeded then the yield of 
cytochrome P-450 w ill dram atically decrease, fa lling  to an apparent 
"minimum peak" yield of cytochrome P-450. Due to the nature of the control, 
ie that the control response is based on the deviation from  the given
set-point, it  was not possible to "improve" the control so that a zero
deviation from  the given set point or time profile values could be obtained 
over the whole 32 hours.
The results obtained from  the above method are tabulated in Appendix 6. The 
results are shown in two groups depending upon the type of computer control 
under which the ferm entation was run, either set point control or time
profiled control, w ith  another band that contains no data points at all 
(BAND A). The presence of BAND A implies that there is a level of control 
below which it  is impossible to obtain any improvement in the controlled
parameter.
The ability  to control a batch ferm enter w ith zero deviation from  the 
controlled parameter is impossible in a dynamic system. In the case of a 
batch fermentation the conditions in the ferm enter can vary greatly over
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the period of the fermentation. Also the ability of the PID control system 
to a lter the conditions so that an equilibrium is maintained depends upon 
the deviation from  the desired controlled parameter being converted into a 
control response.
The groups of results fa ll, themselves, into three bands. From Figures 6*1 
to 6 -6  it  is possible to see two effects. Under "close" control there 
appears to be a band of yields of cytochrome P-450, shown as BAND B on the 
figures. However once the control gets worse, ie the accuracy of the 
control becomes less, the the yields of cytochrome P-450 also decrease.
These decreased yields fa ll into a second band, BAND C.
The occurrence of poor control accounts fo r some of the very small yields 
of cytochrome P-450 obtained over a series of experiments. Importantly 
there are no data points that show high yields of cytochrome P-450 in BAND
C, as can be seen in Figures 6*1 to 6-6.
There are a noticeably large number of data points that show low cytochrome 
P-450 yields in BAND B. This is to be expected because the data that
appears on this part of the graph is the result in part of poor control on 
one or both of the other controlled parameters.
I t  is noteworthy that the set point and tim e-profile  results have d ifferen t 
c u t-o ff points as well as d ifferen t band widths fo r the same controlled 
parameters. The next section investigates the physical reasons fo r these 
BANDS. One of the principle reasons fo r this derives from  the tuning of the 
PID constants in the controllers.
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Each PID controller was in itia lly  tuned fo r set point control. No allowance 
was then made fo r the time profile  control which requires ramping of the 
set points over the 32 hour control period. At the s tart of the experiments 
it  was fe lt  that there would be litt le  difference between the tuned 
parameters fo r the set point and the time profiled. Tuned parameters in the 
PID controller are really only valid over a specific control range. Outside 
this range the controller w ill become unstable. The Electrolux Fermentation 
package took this into account and had in built mechanisms to avoid wind-up 
and offset occurring during the control of the ferm enter. The ranges of the 
tim e-profiles are relatively small compared to the range of the 
controllers. Therefore the tuning constants should apply over the whole 
range of the expected control strategy cf figures 5*6  to 5'12. I f  the 
difference in the maximum and minimum required values from  the controlled 
parameters was large then it  would be expected that the tuned FID 
controllers would become unstable and have lost control. This did not 
happen.
6 ' 4 ' i  S t ir re r  Speed Control
The scatter in the data was analysed using the t-te s t  to see i f  the 
differen t control strategies, set point or time profile, produce less 
scatter on average than the other. The results showed that fo r the s tirre r  
speed the time profile experiments were better controlled. This is due to 
the method of controlling and measuring the s tirre r  speed. The voltage to 
the s tirre r motor was measured using a potential divider device. Part of 
this device contained a small electric motor that went up and down the 
divider. When the small electric motor was only occasionally used it  would
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sometimes stick. This caused the controller to believe that no control 
action had taken place. A fter a short time there would be sufficient force 
applied to the small electric motor and it  would move the fu ll distance 
dictated by the controller causing a large change in the s tirre r speed. The 
occurrence of small or no control action occurs frequently under the set 
point control. However, under time profile control there are very short 
intervals when no control action is required. Therefore under tim e-profile  
control there was less chance of the motor sticking. This device has 
recently been replaced w ith a frequency counter so that this should no
longer be a problem in future experiments.
6■4*2 Tem perature Control
The temperature results indicate that deviations from  the set point were 
smaller than fo r tim e-pro file  control. The system of temperature control on 
the ferm enter requires a closed circuit of w ater heated electrically or 
cooled by an external cooling medium, in this case cold tap w ater. The
control of a change in temperature may be quite slow fo r this system and
greatly dependent upon the tap w ater temperature and flow  rate.
The flow  rate of the cooling w ater was easily adjusted, but the temperature 
of the tap water fluctuated from  8°C in the worst w inter to 18 °C in the 
hottest summer. During the hot summers, i f  the temperature control of the 
ferm enter was "bad", the ferm enter was jacketed in a "water bath" w ith a 
continuous supply of cool tap w ater running around the outside of the 
ferm enter. This also prevented extremes in the ambient temperature
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affecting the ferm enter temperature. Maximum recorded temperature in the 
ambient temperature was 39 “C, well above the required fermenter
temperature.
Ideally the PID tuning constants should be altered fo r each cold tap water
flow  rate and temperature. This was not done in this case as compensation
fo r the elevated cooling water temperature was made by increasing the flow  
rate. No calculations fo r the heat transfer rate were made on this system. 
The adjustments were made empirically, ie in summer the w ater flow  rate  was 
increased and in w inter it  was decreased.
6 - 4 - 3  pH
The pH results show a sim ilar spread of data in both the set point and the 
time profiled experiments. The control system favoured neither type of
control strategy. The only difference to be seen was in the amounts of acid 
and alkali that were used under the various control strategies. This was to 
be expected as the time profile experiments required changes in the pH 
from  4 -5  to 5*6 ramping both up and down to these levels. The set point 
control however requires that the pH be maintained at a constant level of 
5*04,  the change in the set point value due to the formation of acidic 
compounds (ie ethanoic acid) is very slow and therefore only small 
quantities of 4N NaOH are required.
Typical usage of 4N NaOH fo r the set point experiments is about 150ml 
whereas fo r the time profile experiments it  is about 250ml. The usage of 4N 
HCl in the set point control was usually zero. On occasions overshooting of
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the alkali additions required a small amount of acid approximately 10ml to 
be added. For the time profile experiments the amount of 4N HCl used was 
approximately 150ml.
6 ' 4 ' 4  Other Factors
To ensure that there was a minimum disturbance at the s tart of any
experiment the ferm enter was allowed to stand fo r at least 12 hours w ith  
the sterile fermentation media under set point control so that the in itia l 
conditions fo r both the set point control and the time profile  control were 
obtained.
This meant that there would be no measured error in the above parameters at 
the s tart of the analysis and that all the above mentioned effects were
caused during the fermentation and not during the in itia l s tart of control 
phase.
During the time profile  experiments the amounts of acid and alkali used are 
very large in comparison w ith those used during the set point experiments. 
This w ill obviously effect the concentration of salt (NaOH) in the
fermentation broth. I f  this had any effect on the yield of cytochrome P-450  
w ill be analysed la ter in this thesis.
This s till leaves no explanation as to the variation of the yield of the
cytochrome P-450 when the accuracy of the control fa lls  w ithin BAND B. So 
fa r  the results have been analysed on an overall basis, ie what happened 
over 32 hours. This is in general a satisfactory method of analysis but 
does not take into account any local (in terms of time) fluctuations in the
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control system. For example i f  there was a sudden change in pH (ie acid 
siphoning into the ferm enter) then it  would be expected that the yeast j
would suffer adversely due to the conditions in the fermenter. |
In the literature survey many workers have studied the effects of pH,
temperature and s tirre r speed or oxygen transfer rate  on the yeast’s
ability  to produce cytochrome P-450. Clearly defined lim its are set up fo r
specific yeasts under which the yeasts can be expected to survive and/or 
produce cytochrome P-450.
Extremes in the ranges of be control parameters w ill have d ifferent effects  
on the yeast. Extremes in pH w ill k ill the yeast. The optimum temperature 
is specifically fo r the production of cytochrome P-450. A d ifferent 
temperature w ill reduce the yield of cytochrome P-450 and may either
increase or decrease the yeast biomass growth, ie a very high temperature 
w ill k ill the yeast. Alterations in s tirre r speed at an incorrect time may 
cause the fermentation to turn from  anaerobic to aerobic. As a consequence 
of this Ishidate et a l (1969b) reported enzyme dénaturation.
A large deviation from  the set point in any one of the control parameters 
would therefore a ffec t the fin a l cytochrome P-450 yield by causing the
yeast to stray from  the predicted growth curve, thus causing the external 
conditions to be out of synchronization w ith the yeast. This would result 
in delays in the production of the cytochrome P-450 or low yields being
recorded or a to ta l fa ilu re  of the fermentation i f  the yeast dies. In all
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experiments the fermentation was allowed to proceed until a maximum 
cytochrome P-450 yield had been achieved and was on the downward path from  
the optima.
With this system it  is particularly d ifficu lt to know how sensitive the 
system is to a small change in controlled conditions away from  the optima. 
However it  appears that there are several factors that play an important 
role in the overall yield of cytochrome P-450:
1) The overall degree of control
2) Localised deviations from  the set point in the control system 
Further factors w ill be shown to be important in later chapters.
6*4*5  Comparison o f the resu lts  to the T im e -P ro file  model 
To produce the tim e-profile  model many experiments were carried out by 
workers at the University of Surrey to obtain a true representation of the 
growth of the yeast and the synthesis of the cytochrome P-450 yield. The 
results of these experiments allowed Salihon (1984) to develop a canonical 
expression of yield w ith  respect to the control parameters, ie An equation 
in which the yield of cytochrome P-450 was related to pH, temperature and 
s tirre r speed plus other factors.
Since it  has been noted that the accuracy of the control system affects the 
yields of the cytochrome P-450 it  should be possible to acquire 
information from  the canonical equations produced by Salihon (1984). These 
equations are given in appendix 4 equation A4-7.  A small deviation from  the 
optimum control parameter would be expected to have a significant effect on 
the final maximum yield of cytochrome P-450. This was seen in the
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experimental results indicating that the form of equation used to produce 
the tim e-pro file  control strategy was the correct form.
From the quadratic form  of the equations relating the control parameters to 
the yield of yeast biomass and cytochrome P-450 concentration, which were 
determined by Salihon (1984), it  was found that it  was very important to 
include each of the analysed parameters otherwise the results were found to 
contain significant errors. The experiments carried out on this project are 
noticeably d ifferen t in operation from  Salihon’s experiments. Salihon 
(1984) carried out many experiments which he used to develop the equations 
which are the basis of the tim e-profiles used in this project. However once 
the general tim e-profile  model was developed it  was adapted to f i t  the 
current operating procedures used in this project. These differences 
include the size of the in itia l inoculum, the general improvements made in 
the control system, ie reevaluated PID constants, and that Salihon carried 
out most of his experiments fo r this part of his thesis in shake flasks. 
All of these differences are enough to ensure that the coefficients used in 
the specific equations developed by Salihon w ill not apply directly to 
these experiments, but that they can be used generally to determine the 
tim e-pro file  curves as was shown in earlier chapters. The use of the 
canonical equations to predict a possible deviation from  the set point to 
return to the optimum path may well be developed in the future. However, 
this development work is outside the scope of this project.
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6*5  Discussion
Investigating the accuracy of the control systems indicates that the 
overall effect of the control on the cytochrome P-450 yields is important.
Salihon (1984) indicated that the increase in the degree of control was one
of the main factors in improving his yields of cytochrome P-450. The
experiments show that not only is an improved control strategy necessary 
fo r an improvement in the yields o f the cytochrome P-450 but the effect of 
the control system on the physical constraints given by the system also 
play an important role in the control strategies overall performance.
In the case of these experiments the control system favoured certain types 
of controllers, ie s tirre r speed was better controlled under tim e-profile  
control and the temperature was favoured by set point control. This makes a 
general analysis of the d iffe ren t control strategies more d ifficu lt. The 
expected improvements in the time profiled experiments were never achieved, 
this can be explained by the control variables being better controlled
under the d ifferen t control strategies. However this would not explain the 
split of the results into the two bands which have appeared under both 
types of control strategy.
The appearance of these two bands of results gives an indication that the 
areas in which the ferm enter was being controlled was the correct 
environment fo r the production of cytochrome P-450. The occurrence of the 
two bands also shows that no out-lying value f  or the production of 
cytochrome P-450 had been missed. This is also confirmed by the work 
carried out over many years by other workers in this area and summarised by 
Kappeli (1986a).
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Statistical analysis of the data showed that the individual control 
strategies gave a more consistent yield of cytochrome P-450 under the time 
profiled control as opposed to the set point control. This implies that the 
parameters which were better controlled by the time profiled control play a 
more important part in the production of cytochrome P-450. In this case the 
most noticeable effect was the control of the s tirre r  speed. The s tirre r  
speed has been used in these experiments to control the the dissolved 
oxygen content in the fermentation broth. The section in the literatu re  
survey (Chapter 2) has shown how important many other workers in this field  
have found the concentrations of oxygen in the ferm entation broth to be fo r  
the maximum production of cytochrome P-450. The concentration of oxygen in 
the broth is also affected by the temperature. The temperature does not 
affec t the rate of oxygen transfer into the broth to the same degree as the 
s tirre r speed over the range of conditions experienced in the ferm enter. 
The effects of temperature can also be overcome by increasing the s tirre r  
speed fo r a small increase in temperature. The temperature over which the 
ferm enter has been run does not vary greatly w ith respect to the range of 
possible oxygen concentrations that can be expected in the f  ermenter, 
especially since the sterile a ir  flow rate is set to a constant value fo r  
the whole experiment. The temperature control f  or biological systems 
usually varies from  15°C to 35°C fo r the yeasts used in these experiments. 
Typically the choice of temperatures are usually made based on the results 
of many batch fermentations carried out in shake-flasks or small 
fermenters. These results only give information about a fixed temperature 
over the period of the whole experiment.
196
Generally the problems encountered in control can be accounted fo r by two 
types of disturbance. Stochastic disturbances account fo r the "noise" in a 
system. Deterministic disturbances account fo r factors which can over time 
be accounted fo r mathematically. These can, therefore, be removed by 
choosing the correct control system. The stochastic disturbance cannot be
accounted fo r by any mathematical procedure. The stochastic disturbance is 
regularly seen in batch fermentation where the grown of the organism is not 
fu lly  understood or where the product synthesis is not fu lly  understood.
6*6  Conclusions
1) The accuracy of the controlled variable significantly affects the enzyme 
yield. The accuracy of the control is either (a) good giving yields of
cytochrome P-450 in the range 220-1600 nmol/1 or (b) poor giving yields of 
less than 200 nmol/1, ie poor control never permits large concentrations of 
cytochrome P-450, whereas good control permits large and small
concentrations of cytochrome P-450.
2) None of the experimental runs fa ll into a zone w ith  zero or negligible 
deviation from  the expected control variable.
3) Due to the type of control, there is a minimum value of "inaccuracy" 
below which it is impossible to control the fermentation system.
4) Variation within the "good" band of results must be attributed to
factors other than the type and method of control which cause variability  
in the cytochrome P-450 yields.
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5) Poor control of the ferm enter w ill always result in low yields of 
cytochrome P-450, which implies that the control conditions must be close 
to their optimum.
6) The accuracy of the controlled variable depends upon the type and 
function of the control device. T im e-profile  control gave better control on 
the s tirre r speed than the set-point control, the set-point control gave 
better control on the temperature than the tim e-profile  control.
7) The time profiles can be expected to lead the fermentation along a more 
optimal course w ith respect to the production of either the biomass or the 
cytochrome P-450 enzymes.
8) The use of Salihon's (1984) canonical equations to predict the value of 
the cytochrome P-450 yield cannot be done w ith the equations in their 
current forms.
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CHAPTER 7
VARIABILITY OF CYTOCHROME P-450 YIELD 
DUE TO MEDIUM CHANGES
199
7-1 In troduction
This chapter w ill investigate several aspects of the variab ility  of the 
cytochrome P-450 yields as seen by those results found in the high yield 
band of the previous chapter.
From the engineering point of view several areas of variation are possible 
in the preparation of the fermentation broth and the resulting analysis of 
the fermentations.
However before analysis of the preparation of the media could be analysed 
i t  was necessary to ensure that there was no possibility of variab ility  in 
the assay of the cytochrome P-450. This was to be the f irs t  area to be 
analysed fo r possible changes and inconsistencies.
Once these "inconsistencies" can be eliminated or accounted fo r i t  w ill be 
possible to analyse the effects of the individual complex medium components 
on the yields of cytochrome P-450, knowing that the assay of the cytochrome 
P-450 is reproducible. The assay technique was examined in detail in 
chapter 3.
The following chapter w ill investigate the effects of the media preparation 
on the yield of cytochrome P-450, specifically the sterilisation of the 
media, ie the autoclaving or filte rin g  of the media.
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7 *2  Complex media e f fe c t  on Cytochrome P -4 50
The assay f  or Cytochrome P-450 has been shown in chapter 3 to be 
reproducible provided the standardprocedure is followed. I t  is now possible 
to determine the effects of the other major factors on the yield of 
Cytochrome P-450. One of the main causes fo r the change in yield of the
cytochrome P-450 was noted when a batch of medium was changed, in this
case the average amount of cytochrome P-450 changes.
Salihon (1984) indicated that he found the yeast extract, mycological 
peptone and sodium chloride all played an important role in the synthesis 
of cytochrome P-450 in the yeast Saccharomyces cerevisiae  NCYC 240. Later 
when it  was found that this strain of yeast actually contained two strains 
of yeast, notably NCYC 753 and NCYC 754 work was carried out to determine 
i f  the optimisation work could s till be applied to Saccharomyces cerevisiae 
NCYC 754. When the two strains of yeast were found to give significantly 
differen t amounts of cytochrome P-450, the high cytochrome P-450 producing 
strain of the yeast (Saccharomyces cerevisiae  NCYC 754) was chosen by 
Salihon (1984) and many other workers at the University of Surrey fo r the 
continuation of their projects.
The variation that the workers at Surrey found in the yields of cytochrome 
P-450 was attributed at that time to the strain NCYC 240 having differing
amounts of the individual strains of NCYC 753 and NCYC 754.
Salihon (1984) did investigate differences in the yields between 
Saccharomyces cerevisiae  NCYC 240 and Saccharomyces cerevisiae  NCYC 754. 
Salihon found that because the ratios of the d ifferent strains in
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Saccharomyces cerevisiae  NCYC 240 were constant the time profiles developed 
fo r Saccharomyces cerevisiae  NCYC 240 could also be applied to 
Saccharomyces cerevisiae  NCYC 754. Improvements were also noted by Salihon 
(1984) when the Apple ][ computer was introduced to control the fermenter 
during this project thus producing a tighter controlled fermentation.
The analysis of the actual quantities of Saccharomyces cerevisiae  NCYC 753 
and NCYC 754 was carried out by King (1983) who found that the ratio  of of 
754:753 was 4:1 in a batch of NCYC 240. This change in the strain of yeasts 
could account fo r some of the variability  noticed by the workers at the 
University of Surrey. However the growth conditions under which the recent 
workers such as Salihon (1984) and Blatiak (1987) have also varied from  
those used in this project. The two workers mentioned here used d ifferent 
equipment, Salihon (1984) using a 51 fermenter whereas Blatiak (1987) 
carried out his work on un-optimised media in shake-flasks of various sizes 
and in small bench top 11 fermenters.
The yeast used in this project was of a single strain namely Saccharomyces 
cerevisiae  NCYC 754. The analysis of the media used in the experiments was 
carried out to see i f  any particular component of media used to grow the 
yeast affects the synthesis of the cytochrome P-450. Tables 7-1 and 7*2  
show the summary of the experimental results. Appendix 2*5  contains the raw  
data fo r the tables.
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Med i a 
C o m p o n e n t
B a t c h
N um ber
A v e r a g e  
Cy t  o chr  ome 
P - 4 5 0  
Y i e l d  
( nmo I /  1 )
S t a n d a r d  
Dev i a t  i on 
o f  t h e  
Y i e l d s  
( nmo 1 /  1 )
C o e f f i c i e n t  
of
Va r  i a t  ion 
S D/ Av e r a g e  
*  100%
2 2 6  12359 7 7 6 - 7 0 3 7 - 7 6 4 - 8 6
YEAST 2 9 1  12576 5 7 6 - 0 1 1 2 9 - 4 2 2 2 - 4 7
8 5 1 3 4 2 3 6 6 2 - 4 3 1 8 2 - 8 4 2 7 - 6 2
EXTRACT 2 1 6  1 1369 3 6 0 - 0 5 9 2 - 0 5 2 5 - 5 7
3 0 1688A 1 2 5 8 - 1 7 2 8 2 - 5 4 2 2 - 4 7
MYCOLOGICAL 8 3 0 8 1 5 6 1 2 - 5 0 1 4 1 - 8 9 2 3 - 1 5
8 5  0801 5 1 6 - 9 0 2 3 1 - 2 5 4 4 - 6 4
PEPTONE BN5 1 106 1 0 1 8 - 2 1 4 7 0 - 5 7 4 6 - 2 9
40670 7 7 6 - 7 0 3 7 - 7 6 4 - 8 6
GLUCOSE 7 4  F - 0 6 9 2 6 4 0 - 9 0 1 4 2 - 5 3 2 2 - 2 2
1 1 4 F - 0 7 6 0 7 0 3 - 2 3 3 9 3 - 8 4 5 5 - 6 6
9 3 8 2 7 4 2 D 7 7 6 - 7 0 3 7 - 7 6 4 - 8 6
SALT MR5948 5 7 6 - 0 1 1 2 9 - 4 2 2 2 - 4 7
MR7052 7 6 7 - 2 0 4 4 1 - 2 8 5 7 - 4 7
Table 7-1 Summary of the results from the set-point experiments.
Med i a 
C o mp o n e n t
B a t c h
N um ber
A v e r a g e  
C y t o c h r o m e  
P - 4 5 0  
Y i e l d  
( nmo 1 /  1 )
S t a n d a r d  
Dev i a t  ion 
o f  the  
Y i e l d s  
( n mo l  /  1)
Co e f  f  i c l en t  
o f
V a r  i a t  ion 
SD/ A v e r a ge  
*  100%
2 2 6 1 2 3 5 9 5 0 0 - 5 0 20 -51 4-  10
YEAST 29 1 12576 4 9 8 - 7 6 75 •97 1 5 - 2 2
8 5 1 3 4 2 3 2 6 1 - 1 6 1 0 8 -44 41 - 49
EXTRACT 2 1 6  1 1369 3 7 1 - 7 3 18 -77 5 - 0 5
3 0 1 688A 1 4 1 5 - 3 0 1 0 7 -55 7 - 6 0
MYCOLOGICAL 8 3 0 8 1 5 4 5 1 - 0 2 12 7 -78 2 8 - 3 3
85  0801 3 0 6 - 1 7 121 -32 3 9 - 6 2
PEPTONE BN5 1 106 1 2 6 4 - 3 2 4 1 1 -34 3 2 - 5 3
GLUCOSE 7 4 F - 0 6 9 2 4 5 7 - 9 6 65 -29 1 4 - 2 6
1 1 4 F - 0 7 6 0 7 10 - 7 1 5 10 -46 7 1 - 8 2
SALT MR5948 4 0 5 - 6 7 148 -25 3 6 - 5 4
M R7052 1 0 7 8 - 6 9 5 12 -89 4 7 - 5 5
Table 7 ’ 2 Summary of the results from  the tim e-pro file  experiments.
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I t  is d ifficu lt to see i f  there is any definite effect that can be 
attributed to any single media component. The most obvious component that 
appears to have a major e ffect on the cytochrome P-450 is the yeast 
extract. There appears to be no effect on the cytochrome P-450 by changing 
the batch of the glucose or the sodium chloride. The peptone plays a less 
significant role in the changes in the cytochrome P-450. The figures 7-1 to 
7 -8  show the results from  tables 7-1 and 7 -2  in the form  of a bar chart.
The figures again confirm that the major source of variab ility  arises from  
changing the yeast extract batch. The peptone batch becomes the next most 
significant factor with the glucose and the sodium chloride playing an 
insignificant role in changing the amount of cytochrome P-450 in the 
fermentation of the yeast.
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An analysis of variance should ideally be carried out on all of these 
results. However an ANOVA can give data on interactions between all of the 
analysed variables. With these experiments it  was not possible to perform  
an ANOVA as the experiments took place over a period of 4 years in which 
many batches were changed because the supply of the previous batch ran out. 
Due to financial reasons it  was not possible to purchase many d ifferent 
batches of media to specifically test fo r the differences. I t  was noted
however that when a batch was changed the expected cytochrome P-450 could 
change significantly and even the yeast biomass concentration could also be 
expected to change by a small amount.
From the few  experiments that do contain data in which only a single batch 
of media changed it  is possible to analyse the effects of the change on the 
cytochrome P-450 yield and the biomass production. The results of these 
tests are shown it  Appendix 2, table A2-5 and A2-6.  I t  can be seen from  
these results, that the experiments in which the batches of yeast extract 
are the only change, that there is a significant difference at the 99*5%
level in the t-te s t fo r the yield of cytochrome P-450. The yeast biomass 
seems less sensitive to the change in the yeast extract and there is no 
significant e ffect on the yield of yeast biomass. These results apply to
both the set-point and time profiled data.
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A similar set of results was obtained fo r the mycological peptone data in 
which this was the only component to change from experiment to experiment. 
This indicates that there was a significant difference in the yield of the 
cytochrome P-450 but not the yeast biomass fo r both the set-point and time 
profiled experiments when analysed at the 99-5% level.
I f  the complex media is studied more closely it  is apparent that the yeast 
extract introduces to the media a valuable source of B vitamins and a 
series of amino acids. The mycological peptone also provides a source of 
amino acids. An average amino acid assay fo r yeast extract and mycological 
peptone given by the manufacturers, LAB M, is shown below in table 7-3.  The 
average vitamin B concentration f  or the yeast extract compared w ith a 
commonly available vitamin B supplement is given in table 7-4.
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Ami no 
A c i d  Assay 
( m g / g )
Yeast  E x tra c t Myco 1 ogica l  
Pept one
L y s i n e 49 - 0 3 8 - 8
H i s t i d i n e 14-0 1 2 - 7
A r g i n i n e 27 - 0 5 5 - 0
A s p a r t  i c  acid 52 - 0 6 9 - 9
T h r e o n i n e 3 3 - 0 1 7 - 7
S e r i n e 3 4 - 0 2 6 - 2
G l u t a m i c  ac id 7 3 - 0 1 0 3 - 5
P r o 1 i ne 26 - 0 7 4 - 5
G l y c i n e 25 - 0 1 0 5 - 9
A l a n i n e 51 - 0 4 9 - 9
C y s t i n e 6 - 0 2 - 7
V a  1 i ne 37 - 0 2 2 - 9
M e t h i o n i n e 9 - 0 7 - 0
I s o l e u c i n e 7 3 - 0 1 8 - 7
L e u c i n e 73 - 0 3 2 - 0
T r y  os i ne 12-0 1 2 - 8
P h e n y l  a l an i ne 25 - 0 2 0 - 2
T  r y p t  ophan 9 -0 1 -9
Table 7 -3  Average amino acid concentration o f Yeast e x tra c t  and mycological
peptone
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Type
of
V i t  am i n
Y e a s t  
E x t r a c t  
( P g / g )
V i t a m i  n B 
S u p p 1 ement  
( m g /  t a b l  et )
B 2 1 - 0 1 - 2 01
B 1 2 5 - 0 1 - 6 02
B 6 2 4 - 0 1 • 0 06
. _ - 3B 3 5 - 0 2 - 0 0  X  101 2
Pant  ot  henate 1 0 5 - 0 5 • 0 0
Table 7 -4  Average vitam in B content in yeast e x tra c t  and vitamin B
supplement.
Since the yeast extract batch greatly affects the yield of cytochrome P-450 
an experiment was carried out to investigate i f  by replacing the yeast 
extract with an alternative source of B vitamins a sim ilar amount of 
cytochrome P-450 can be obtained.
Alternative sources of vitamin B are easily available as vitamin or 
multivitamin supplements. To avoid a sim ilar problem of using a yeast based 
product which might vary, a vitamin B supplement that contained no yeast 
products was chosen. In this case the product was "Plurivite" a 
multivitamin with iron supplement purchased from  Boots The Chemist. The 
vitamin B content is shown in table 7*4  and compared w ith  the Lab M yeast 
extract.
The media was prepared in the same way as described in chapter 3. The media 
was sterilised in a portable steam steriliser. All of the media was
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sterilised in the same way. These experiments were carried out in shake
flasks due to the expense of the vitamin supplement and the limited time
available. The vitamin B supplement was added to ensure that there was the 
same amount of vitamins B^ , B ,^ B^  and pantothenic acid. A comparative
experiment was carried out using optimised media. A control experiment was 
carried out using only glucose, mycological peptone and salt. The
experiments were all run in parallel. The results of these experiments are 
shown in table 7*5.
E x p e r  iment 
Number
Cytochrom e P- 4 5 0  (n m o l/1 )
Yeast  E x t r a c t  
Co nt a i  n i n g  
F l a s k s
V i t a m i n  B 
Supp 1 ement  
F l a s k s
Cont r o l  
F 1 asks
1 219 • 8 153 • 8 0 - 0
2 230 • 3 170 • 9 0 - 0
3 227 • 9 163 • 2 0 - 0
Me a n 226 • 0 162 * 6 0 - 0
Table 7 -5  Results o f the Vitam in B supplement experim ents,
The results show that w ith the addition of the vitamin B supplement there 
was a small amount of synthesis of cytochrome P-450. The best yield of 
cytochrome P-450 was w ith the optimum yeast extract media. The flasks 
containing just the mycological peptone, glucose and salt produced no 
cytochrome P-450. This was an important result as it  shows that there must 
be a relation between the vitamin B content and the synthesis of cytochrome 
P-450. The unexpected result from  the control flasks may be due to the
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timing of the samples, fo r compatibility the samples were all taken at the 
same time and analysed together. The ability of the yeast to produce 
cytochrome P-450 from  the control flask was expected. Since the biomass 
yield was lower in the control shake flask it  can be expected that the 
whole fermentation was lagging behind the other two flasks. This is one of 
the disadvantages of using shake flasks fo r this type of work.
The introduction of the yeast extract as a medium fo r the production of 
cytochrome P-450 was in itia lly  made by Salihon (1984) as a cheaper source 
of nutrients than the mycological peptone. I t  now appears that the 
synthesis of the cytochrome P-450 is dependent upon key nutritional
components within the yeast extract.
The effect of yeast extract on the synthesis of cytochrome P-450 has 
previously been studied in terms of the concentration of the yeast extract 
that is required to synthesize the cytochrome P-450. This research
indicates that not only is the concentration of yeast extract used
important but also that there is a key component in the yeast extract that
affects the yield of cytochrome P-450. Alam et a l. reports that in the 
production of a-amylase from B acillus am ylo liquefaciens  the yeast extract 
provides key amino acids. In the case of these results it  is unlikely that
the amino acid concentration is the major factor in the synthesis of the 
cytochrome P-450 but rather the vitamin B complexes present in the yeast 
extract.
I t  is d ifficu lt to carry out fu rther experimental work using complex media 
such as yeast extract and mycological peptone. The next step would be to
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move to defined media. However this is beyond the scope of this project 
which was to investigate other physical effects that contribute to the 
yield of cytochrome P-450.
7 -3  Conclusions
1) The Yeast extract batch has been shown to a ffe c t the fina l yield of the 
cytochrome P-450 significantly under both the set-point and time profiled  
control.
2) The Mycological peptone batch has been shown to a ffec t the fin a l yield 
of the cytochrome P-450 significantly under both the set-point and time 
profiled control.
4) The Salt (NaCI) could not be tested to show significant affects on the 
fina l yield of the cytochrome P-450 under both the set-point and time 
profiled control, because the addition of acid (HCl) and alkali (NaOH) to 
control the pH changed the concentration of the salt during the 
experiments.
5} The yeast extract was tested fu rther and found that the presence of the 
B vitamins plays an important role in the yields of the cytochrome P-450.
6) Unusually the flasks containing only the peptone/glucose/salt media gave 
no cytochrome P-450. I t  was noted that these flasks did not produce as much 
biomass as the other flasks. This was attributed to the timing of the 
samples which were taken from  the flasks. This could be the cause of these 
unexpected results.
219
CHAPTER 8
FERMENTATION PREPARATION AND THE YIELD OF CYTOCHROME P-450
220
8 ' 1 Introduction
In the previous two chapters various aspects of the production of 
cytochrome P-450 from  yeast have been shown to a ffec t the fina l cytochrome 
P-450 yields. Even the accuracy of the control appears to play a role in 
the production of the cytochrome P-450. The fina l stage of the production 
process is the in itia l stage of preparation of the fermentation medium. 
This has been found to be the last area in which the production process 
could be altered from experiment to experiment. The analysis of this data 
has only been possible once the other factors were accounted for, 
especially the control effects which now permit the band "B" results only 
to be analysed, see chapter 6.
8 *2  P reparation  o f the media and Cytochrome P -450
Another area of variab ility  is the preparation stage of the media fo r the
fermentation. Since the in itia l concentration of the media is carefully
controlled there is only one other area that there could be any variation. 
The sterilisation stage of media preparation can vary in one of two ways. 
The length of time that the flasks spend in the autoclave and the
temperature /  pressure at which the autoclave is maintained.
For each experiment the time in the autoclave when the autoclave was at 
ISpsig or greater was recorded. In conjunction with these observations, the 
previous results were analysed.
To analyse a series of experiments where the yield of cytochrome P-450 is 
dependent upon a batch of medium it  is necessary to normalise the data. In 
this case the cytochrome P-450 yield was taken and divided by the maximum
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yield obtained fo r that batch of yeast extract.
The fraction of the maximum yield can then be plotted against time. A short 
series of experiments were carried out under both types of control using 
media that had been filte red  through a 0*22 jum sterile disposable f ilte r .  
The results from  these experiments were also normalised in the same way as 
the rest of the data.
The results from  these observations are shown below in figure 8* la. Figures 
8* lb and 8- lc  show the same data but separated fo r the individual control 
modes (ie set point or tim e-pro file ). The last two figures show that there 
is a spread of autoclave times fo r a ll the batches, this indicates that the 
result is not batch specific.
It  can be seen from  these results that when the medium was filte red  there 
was a maximum amount of cytochrome P-450, likewise i f  the medium was 
autoclaved fo r extended periods, up to 90 minutes, there was another 
maximum. There are no recorded values fo r periods in the autoclave of less 
than 30 minutes because of the problem of contamination in the ferm enter.
The results are also d ifferen t fo r the set point and the time profiled  
experiments. The time profile data shows a steeper slope than the set point 
experiments. This indicates that there is a smaller "window" of time which 
the medium can spend in the autoclave fo r a much larger spread of results. 
However since the medium was autoclaved fo r a minimum of one hour the 
apparent spread in results from  the time profile experiments is less than 
the set point experiments.
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Possible explanations fo r these effects are:
a) the hydrolysis of a component in the medium to produce a key nutrient.
b) a toxin /inh ib itor could be destroyed by heating.
c) the hydrolysis/removal of a polymer which may change the viscosity 
and/or the surface activity of the medium and thus the oxygen mass transfer 
capability of the medium.
d) a microorganism producing a toxin or a toxin in the form  of a particle  
of size less that the f i lte r  size, ie 0 22 jum,
e) a combination of all the above mentioned effects.
I t  would appear that there are several effects at work. The f i lte r  
sterilised medium indicates that there may be important substrates present 
which are destroyed by heating. However w ith extended periods of 
autoclaving the cytochrome P-450 increases again. There could be nutrients 
or toxins which pass through the f i lte r  which cause the production of 
cytochrome P-450 in the yeast. In the case of the autoclaved medium there 
are several factors which take place whilst the medium is being heated, eg 
hydrolysis.
The exact nature of this hydrolysis is not known, as the exact composition 
of the medium is not known, but it  is noticeable that the fraction of 
cytochrome P-450 increases w ith increasing autoclave times up to a maximum 
value of about one and a half hours.
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Some of the important components being destroyed by heating are the vitamin 
B complexes although not all vitamin B complexes can be destroyed otherwise 
there would be no P-450 produced as was indicated in the previous chapter.
I t  has been suggested during discussions w ith co-workers that several
possibilities fo r the changes in the maximum yield of cytochrome P-450  
exist. F irstly  it  has been suggested that a heat-labile toxin in the form  
of a small particle may be present in the medium. I f  this was the case then 
the filte rin g  of the medium would not remove this toxin and it  would be 
present in the medium used to induce the cytochrome P-450. Secondly i f  
there was a polymer (eg starch) again in small particles then the f i lte r
would be unable to remove this from  the medium. In terms of the heat 
sterilisation, the particles would be present. The heat-labile form  would 
be mostly unaffected by the heat. In the case of the starch the viscosity 
of the medium would be changed by hydrolysing the starch in the medium.
An interesting observation was made when a probe was inserted into the 
medium to measure the temperature inside the flasks during the
sterilisation procedure. The probe was inserted into the centre of the
flask containing 31 of glucose being used in a standard experiment. The 
result is shown in figure 8-2.
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Obviously the degree of sterilisation is dependent upon time as well as 
temperature. In this experiment the temperature inside the centre of the 
flask does not reach 121 °C which is often quoted as the temperature fo r  
"proper" heat sterilisation. However very few  contaminated runs were 
encountered due to the lower temperature achieved of the steam 
sterilisation.
The measure of the effectiveness of steam sterilisation can be evaluated 
once the in itia l cell population in the medium is known. The in itia l cell 
population of the medium can be found by plating out the medium, without 
sterilising the broth firs t. This was not done on a regular basis with
these experiments. Therefore an average value of the in itia l number of
organisms in the medium would need to be taken and the data evaluated to 
investigate i f  there was sufficient time spent in the autoclave fo r  
sterilisation. However this was fe lt  unnecessary as few  contaminated
experiments were encountered, and those which were contaminated could be 
attributed to the improper sterilisation of the hardware used, ie probes, 
ferm enter, or by accidentally introducing a contaminant via the sampling 
techniques or when pumping the medium into the ferm enter. This was 
determined by taking aliquots of the sterilised medium and incubating them 
in shake flasks along w ith the control experiments. I f  none of the flasks
were found to have any organisms growing over the period of the 
experimental run, it  was assumed that the medium was sterilised.
Appendix 5 shows a standard method fo r determining the degree of 
sterilisation as used by the food industry. In this case it  was assumed
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that the required time fo r . to ta l sterilisation at 121 was 5 minutes, On 
fu rth er analysis it  was found that at 111*0“C a time of 16.8 minutes would 
be required fo r "total" sterilisation to take place and so long as the 
medium was above 100•0°C  then a period of 33 -4  minutes should elapse for  
"total" sterilisation. In figure 8 - 2 it  can be seen that the fo r that 
particular sterilisation the temperature in the 51 flask was over 100*0°C  
fo r a period of over 60 minutes. I t  can therefore be assumed that a ll of 
the heat sterilisation that took place of a sim ilar nature were successful 
in maintaining "total" s terility  of the medium before its introduction to 
the fermenter.
8 '3  Yeast inoculum and the f in a l Cytochrome P -450  yield  
This section w ill look at the e ffect of the yeast inoculum on the yield of 
cytochrome P-450. The age of the yeast at the time of the inoculum plays an 
important role in the yield of cytochrome P-450 according to Blatiak 
(1987). The work carried out by Blatiak (1987) investigated this effect 
using slopes of yeast and inoculating directly into shake flasks. This is 
immediately fraught w ith  d ifficu lties. The use of the standard loop as 
mentioned in chapter 3 can cause d ifficulties w ith reproducibility. The 
inoculum used in this project takes the yeast from  actively growing yeast 
cultures grown in shake flasks. This allows the best growing yeast cultures 
to be selected. The selection of a "good" flask can be carried out by eye, 
selecting the flasks which contain a large number of yeast cells. Another 
criterion fo r selection can be made by smell. I f  the flask is contaminated 
then this can usually be determined by a bad smelling culture. Once the
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flasks are selected the yeast is spun down in sterile centrifuge tubes and 
weighed so that lOg wet weight of yeast is available fo r the ferm enter 
inoculum.
Work currently being carried out by Leung (personal communications) 
indicates that there is lit t le  variation in the viable cell mass being used 
to inoculate the 51 ferm enter, this also applied to the wet weight of the 
yeast in the inoculum. The amount of viable yeast mass in the lOg wet 
weight of the seed culture has not yet been determined, however the effect 
on the cytochrome P-450 yield can be studied. Salihon (1984) in his work 
selected an inoculum of 7.5% v /v  . The use of lO-Og wet weight represents a 
more accurate and uniform type of inoculum. However the preparation of the 
inoculum allows another possible source of contamination. The 10*0g wet 
weight inoculum is usually obtained from  5 x 250ml flasks containing 100ml 
of fermentation broth. This represents an equivalent inoculum of 12.5% v/v. 
This is a very large inoculum as can be seen from  chapter 2 where this 
m atter was discussed in greater detail. One of the main reasons fo r using 
such a large inoculum comes from  the introduction o f the tim e-profile  
control experiments. In the model describing the biomass production the 
logistic model is used. In this model no allowance is taken of any lag 
phase. To overcome such a fundamental flaw  in the model a massive inoculum 
was used so that there would be very litt le  lag in the growth phase at this 
point.
The age of the slopes upon which the yeast is kept was also reported to 
effect the cytochrome P-450 yield (Blatiak 1987). In a attempt to overcome 
this problem the slopes were subcultured every four weeks and the ferm enter
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inoculated from  the seed cultures grown fo r 40 hours in shake-flasks. There 
appears to have been litt le  i f  any effect from  the seed culture on the 
yield of cytochrome P-450.
From the previous chapters the model predicts that the size of the inoculum 
should a ffect either the fina l biomass and /  or the cytochrome P-450 yield. 
This was studied by varying the in itia l biomass. This was done and the 
inoculum being prepared by the above method. The results are shown in 
figure 8*3.  It  was not possible to carry out a sim ilar comparison fo r the 
cytochrome P-450 as the inoculum never contained any measurable amounts of 
cytochrome P-450, which meant that the fina l cytochrome P-450 yield should 
be the same fo r each experiment. This has already been shown to be untrue. 
The yield of the cytochrome P-450, from  previous chapters, appears to 
depend upon the yeast extract and the mycological peptone.
The results show no definite e ffect of the in itia l biomass inoculum on the 
fina l biomass or the cytochrome P-450 yields. The fina l maximum yields of 
both biomass and the cytochrome P-450 do not match w ith the predicted 
values from  the previous chapter. The line on the graph comes from  the time 
profile  program which uses the in itia l biomass to estimate the fina l 
biomass.
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8 -4  Conclusions
1) There are indications that the heat sterilisation has several affects on
the composition and rheological properties of the sterilised medium.
2) The time spent in the autoclave correlates to the levels of cytochrome
P-450 yield measured at the end of the experiments.
3) The time profile experiments were more sensitive to the time spent in
the autoclave than the set point experiments.
4) The best yields were obtained when the medium was sterilised by
filtra tio n .
5) All the batches sterilised in the autoclave mentioned in this chapter
achieved "total" sterility .
6) Sources of contamination in the fermentation occurred either in the
transfer of the medium and yeast inoculum to the ferm enter or from  the 
introduction of probes and pipettes fo r sampling and measuring the
conditions within the ferm enter
7) The time profile model underestimated the fina l yield of yeast biomass
based on the in itia l yeast biomass.
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8) Study of the changes in cytochrome P-450 have already been shown to vary 
more greatly w ith yeast extract and mycological peptone rather than the 
inoculum levels.
9) The fina l biomass peak measured was independent of inoculum size in all 
experiments.
10) The time profile experiments consistently produce more biomass than the 
set point experiments.
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CHAPTER 9
CORRELATION OF ENZYME PEAK YIELD  
AND
THE TIME OF MAXIMUM ENZYME PRODUCTION
236
9*1 In troduction .
Predicting the yield and time of the maximum cytochrome P-450 using growth 
related models was found to be inadequate. One of the biggest problems with  
the use of growth related models is the determination of various constants, 
such as specific growth rate and primary substrate concentration. Takamatsu 
et a l. (1981) have compared many unstructured growth models of 
microorganisms. The characteristics of these models such as the number of 
equilibrium points and their stability  and the possibility of representing 
the lag-phase and the declining phase are investigated in detail by 
Takamatsu at a l. (1981).
This section w ill investigate the possibility of predicting the cytochrome 
P-450 using physical parameters, such as autoclaving time and accuracy of 
control. These parameters have lit t le  to do directly w ith  the growth of the 
yeast. Avoiding growth models in this section means that the equations
produced are relevant only to this system and no other.
The ability  to be able to predict the amount of cytochrome P-450 and the
time of the occurrence of the cytochrome P-450 during the fermentation is
important i f  fu rther work is to be carried out using yeast as a host system 
fo r  genetically engineered organisms.
I t  is an important criterion fo r the scale up of a fermentation that the 
fina l amount of a product produced can be determined before the 
fermentation takes place. This allows fo r the downstream processing plant 
to be properly sized, and the overall economics of the process to be
assessed, Winkler (1991).
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In the case of cytochrome P-450 the substrate responsible fo r the induction 
of cytochrome P-450 is not known. This makes the modelling of the 
cytochrome P-450 very d ifficu lt. However i f  the percentage amount of the 
maximum possible cytochrome P-450 can be determined then it  w ill • be 
possible to determine in advance or whilst the fermentation is in progress 
the amount of cytochrome P-450 that may be produced.
Another important criterion fo r a viable and profitable fermentation is the 
ability  to predict when the fermentation w ill be complete. In this project 
the introduction of carbon dioxide and oxygen gas analysers has allowed a 
measurable quantity to be linked w ith  the concentration of the cytochrome 
P-450 in the fermentation. Comparisons between the time of peak cytochrome 
P-450 production and the biomass peaks can be expected to be co-related. 
Thus the use of gas analysers can be used to determine the state of the 
biomass and therefore make it possible to predict a sim ilar correlation to 
that of cytochrome P-450 and the biomass.
The peak of the cytochrome P-450 yield w ith respect to time is usually 
quite sharp (see figure 5-16), which often means that picking up the exact 
peak can be d ifficu lt and often missed i f  insufficient samples are taken at 
the time of the enzyme peak. In terms of productivity the peak of the 
productivity curve w ill also exist at or around the same time as the enzyme 
peak because of the sharpness of the cytochrome P-450 curve.
9 -2  Estim ating the cytochrome P -450  yield .
This section w ill look at the possibility of producing a predictive model 
such that the final concentration of cytochrome P-450 can be evaluated from  
the parameters analysed in the previous chapters.
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The two main parameters which appear to have a major e ffect on the 
percentage of possible maximum yield is the length of time in the autoclave 
and the batch of the yeast extract.
From chapter 6 it  is apparent that the accuracy of the control either
set-point or tim e-profiled  is important in the overall yield of the
cytochrome P-450. There was no direct correlation between the maximum 
cytochrome P-450 and the accuracy of the control system.
This allows the estimation of the cytochrome P-450 to be based on the time 
the medium components spent in the autoclave and since the experiments 
using the filte red  media gave the best yields of cytochrome P-450 these 
could be used to determine the maximum potential yield of the cytochrome
P-450 so that the percentage of the maximum yield can be converted to an
absolute value fo r any particular batch of medium.
The degree of accuracy of control is the amount by which the control strays 
from  the optimum. In this case the yields of cytochrome P-450 are greatly  
decreased. Therefore the only estimation that can be made is that the 
accuracy of the control must be below the maximum lim its shown below in 
table 9*1. The values of the sum of the squared differences are obtained as 
mentioned in the previous chapter by taking 129 equally spaced points over
the period of the experimental run. From a study of all these values the
maximum sum of the squared differences can be found fo r which the
cytochrome P-450 can be measured in large quantities. These values are
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shown below in table 9 • 1. The th ird  column in this table shows the average 
measured error fo r the maximum value of the sum of the squared differences. 
The errors are obtained using the formula:
E = SSQDF
where E = Average error
SSQDF = Sum of the squared differences
n = number of points over which the squared differences are
summed
Con t r o l M axim um  V a l u e Average
V a r  i a b l e o f  t h e  sum of measured
sq u are  d i f f e r e n c e s e r r o r
pH 1 • 25 ± 0 - 0 9 8  pH
St i r r e r  
Spe ed 2 2 5 0 ± 4 - 1 7 6  rpm
T em p e ra tu re 29  • 0 ± 0 - 4 7 4  "C
Table 9*1 Maximum value o f the sum o f the square 
to  ensure maximum cytochrome P -45 0  production
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C o n t r o l  
V a r  i a b l e
M i n i  mum V a l u e  
o f  t h e  sum o f  
s q u a r e  d i f f e r e n c e s
Average
measured
e r r o r
pH 0 - 23 ± 0 • 0 4 2  pH
St  i r r e r  
Sp eed 6 7 4  - 9 ± 2 - 2 8 7  rpm
T em perature 2 3 - 1 4 ± 0 - 4 2 4  °C
T a b l e  9 2 M i n i m u m  v a l u e  o f  th e  sum of th e  square  
to  ensure m a x i m u m  c y t o c h r o m e  P - 4 5 0  p r o d u c t io n
The minimum average error shown in table 9 2 gives an indication of the 
accuracy of the controllers used in the experiments. The results were taken 
from  the time profiled experimental runs. A very sim ilar set of results was 
found fo r the set-point experiments except fo r the s tirre r speed. For this 
controller, the minimum sum of squared differences was 1202-5 giving an 
average error of 3-05  rpm. This is noticeably higher than the tim e-profiled  
experiments. It  was assumed that these experimental results are affected by 
the type of control strategy used and the controller dynamics.
These equivalent measured errors can be compared to the predicted accuracy 
of the control system shown in table 3-3.  The maximum actual accuracy of 
the control system is worse than expected except in the case of the s tirre r  
speed. Table 3 -3  is reprinted here fo r comparison.
241
P a r a m e t e r Accuracy r e p o r t e d  by Salihon (1984).
T e m p e r a t u r e ± O - S ' C
pH ± 0 - 0 5
S t i r r e r  speed ± 5rpm
Table 3 -3 Accuracy o f the contro l system
This implies that experiments where there was poor control, the system was 
not properly tuned fo r the time profiled control. Most PID controllers can 
easily be tuned fo r maintaining constant set points. However when the set 
points are required to change then ideally the control constants of the PID 
controllers should change so that they are at an optimum value fo r that 
particular set point. The accuracy reported by Salihon (1984) lies between 
the minimum and maximum average error fo r the measured pH results from  the 
fermenter. In the cases of s tirre r speed and the temperature the maximum 
and minimum measured results are better, where large quantities of 
cytochrome P-450 were recorded, than the accuracies reported by Salihon 
(1984).
With the tim e-profiles produced during this project there are relatively  
wide ranges fo r the control parameters, s tirre r speed 200 to 305 RPM, pH 
4 -5  to 5*6 and temperature 22-8 to 2 9 * 0 “C, it  was noted in chapter 6 that 
the type of physical control system was also responsible fo r the changes in 
the degree of accuracy obtained. In the case of the time profile work 
s tirre r speed was shown to have less measured deviation from  the optimum 
path due to the physical configuration of the control system than the 
equivalent set-point experiments. The temperature control showed a drop in
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performance due to the time profile path and pH did not show any noticeable 
d iff  erence.
In previous chapters many other effects were noted to cause changes in the 
maximum yield of the cytochrome P-450, notably the batch of the yeast 
extract and the accuracy of the control system.
Provided that a ll the factors can be accounted fo r then it  should be 
possible to analyse any other factors which may change the maximum yield of 
the cytochrome P-450.
An in itia l assumption was made that taking the yields of the cytochrome 
P-450 as a percentage of the possible maximum, fo r a specific batch of the 
yeast extract medium, the previously mentioned factors can be eliminated 
from  the current analysis and other factors can then be analysed. I t  is 
hoped that this w ill allow comparisons between experiments using d ifferent 
batches of media, specifically yeast extract. Also i t  should now be 
possible to compare results from  set-point and time profile  experiments on 
an equal basis.
From studies of the autoclaving times fo r the medium, it  was noted that 
there might be a relationship between the amount of time spent in the 
autoclave and the percentage of the maximum cytochrome P-450 produced. The 
apparently linear relationship between autoclave times and the percentage 
yield of the cytochrome P-450 should theoretically give an in fin ite  
cytochrome P-450 yield i f  the autoclave were operated fo r a infin ite  time. 
This obviously can not be possible. Therefore fo r the purposes of these 
results a very narrow band w ill be taken fo r the autoclave times, ie
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between 30 to 90 minutes when the pressure was 15 psi or greater. The 
pressure was controlled manually. The manual controls were later replaced 
by an electronic system and eventually the whole autoclave was replaced. 
However all of these experiments were carried out using the manually 
controlled autoclave. The autoclave pressure was regulated by switching the 
heaters to maximum and then back to low once the desired pressure had been 
reached. This provided a series of changes in the pressure usually in a 
band from  13 psi to 17psi, however on some occasions the pressure did drop 
below 10 psi and rise above to 20 psi. This was one of the main reasons fo r  
changing to the electronic control system. The electronic system worked on 
the temperature In the autoclave not the pressure. This was achieved by 
inserting a temperature probe into the autoclave chamber, thus giving an 
indication of the temperature externally to the flasks of medium being 
sterilised.
To obtain a relationship between the percentage of the maximum cytochrome 
P-450 yield and the time spent in the autoclave it  is necessary to obtain 
the maximum cytochrome P-450 yield. I t  is d ifficu lt to obtain a measure of 
the maximum possible yield of the cytochrome P-450 fo r any specific batch 
until well into an experimental series. However i t  was noted that the 
maximum yields of cytochrome P-450 measured in experiments using filtered  
medium were consistently sim ilar to the maximum yields measured from  
autoclaved medium. The variation in the yields in the autoclaved 
experiments appears much larger than in the filte red  experiments. Therefore 
the filte red  experiments were carried out to obtain a value of the maximum 
possible maximum yield. These results were then used to obtain the 
percentage maximum yield of the cytochrome P-450.
244
Using these c rite ria  a linear relationship can be formulated to estimate 
the amount of cytochrome P-450 that can be obtained from  an experiment 
provided that the control system maintained its normal degree of accuracy.
The line regressed from  the data which w ill estimate the amount of 
cytochrome P-450 takes the form:
p =   *  F fo r 60 t  90P450 P450 auto
a u t o
Where the predicted Cytochrome P-450 (nmol/1)
t  is the time the medium spends in the autoclave (minutes)auto
K is the optimum time in the autoclave (minutes)auto
Fp^so is the yield of cytochrome P-450 from  a filte red  experiment 
using the same medium as the autoclave experiments
For the set-point experiments:
K = 8 5 * 6  minutesauto
correlation coefficient = 0*73
For the tim e-profiled experiments:
K “ 83-7 minutesauto
correlation coefficient = 0*70
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Figure 9*1 shows the results from  two d ifferent batches of yeast extract. 
The cytochrome P-450 estimated (straight lines on the graph) does not 
appear to follow closely the actual cytochrome P-450, although at the 
shorter autoclave times the estimated cytochrome P-450 concentration is 
lower than the actual cytochrome P-450 concentration..
In both cases the estimated cytochrome p-450 fa lls  below that achieved in 
the experiments but it  appears to give a better fin a l fina l cytochrome 
yield than the model assumed by Salihon (1984) which was growth related and 
predicted the same amount of cytochrome P-450 fo r any batch of medium. This 
correlation model does not use growth kinetics to estimate the yield of an 
enzyme. Therefore, it  cannot be used in an optimisation program as was used 
to obtain the tim e-profile  curves. This correlation can only be used to 
estimate the amount of P-450 that might be produced assuming that the 
ferm enter is controlled within the average measured errors reported in 
tables 9 • 1 and 9-2. In addition a series of experiments using filtered  
medium must be carried out fo r each new batch of medium.
9 -3  The time o f the cytochrome P -4 5 0  yield .
To measure the yield of cytochrome P-450 requires samples to be taken from  
the fermenter. This can lead to inaccurate results i f  the fermenter broth 
is not well mixed and even to contamination of the fermenter products. 
Therefore being able to determine when the cytochrome P-450 is about to 
peak requires few er samples to be taken from  the ferm enter at times when 
the levels of cytochrome P-450 are s till quite low.
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I t  was noted that the time of the occurrence of the cytochrome P-450 
maximum concentration can be accurately made either o ff-lin e  using the 
yeast biomass or by using some of the on-line devices such as carbon 
dioxide and oxygen gas analysers. These analysers can be used to determine 
the progress of the fermentation and several other factors can then be 
predicted from  these measured levels, such as ethanol concentration, 
possible biomass concentration and even the pH of the fermentation  
depending upon which algorithm is used when the data is analysed.
This section w ill deal w ith the timing of the cytochrome P-450 and w ill not 
touch upon the prediction of the other parameters that could be made from  
the available data.
9 ’ 3 '1  Using the Biomass.
The use of the biomass measurements is not a very convenient parameter to 
take when there are other available on-line parameters that could be used. 
However, as one of the most available measurements of the processes 
occurring in the ferm enter this is obviously an important measurement to 
obtain. An accurate biomass measurement requires several samples to be 
taken. This may lead to changes in the conditions in the ferm enter. 
Contamination may occur, or i f  the number of samples taken is too large, 
the volume of the ferm enter can change significantly.
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I t  was noticed in the early stage of the project that the peak of the 
cytochrome P-450 occurred just a fte r the peak of the yeast biomass. The 
time difference between the two peaks was found to be reasonably constant. 
This allows a prediction of the time when the cytochrome P-450 can be
harvested such that the maximum possible amount of the enzymes can be 
obtained.
The ability to predict the time of the cytochrome P-450 peak is important 
because of the short period of time over which the maximum yield is
maintained in the fermentation.
I t  was also noticed that the time of the peak enzyme yield varied depending
on whether set point or tim e-profiled control strategy was used. Graphs of
the times of the peaks of the cytochrome P-450 and the biomass are shown 
below in figures 9 -2  and 9-3.
The following correlation was obtained:
T  = K *  T  + KP 4 5 0  1 B I O 2
where T^^^^ is time of enzyme peak a fte r experiment s ta rt (minutes)
T^^  ^ is time of biomass peak a fte r experiment s ta rt (minutes)
K and K are correlation constants.1 2
For set-point control:
K = 0*86 & K = 330*16 Correlation coefficient = 0*73I  2
For tim e-profile  control:
K = 0*83 & K = 403*00 Correlation coefficient = 0*531 2
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Both the figures have a linear regression line through the data points. The 
data is split into two d ifferen t sets depending upon the control under 
which the ferm enter was maintained, ie set point control or tim e-profiled  
control. Each figure also has a line representing a 45“ line, ie a line 
showing equal time. In both graphs the regressed line and the "equi-tlme" 
line can been seen to converge as time increases. This is particularly  
interesting in that this means that i f  the fermentation was to continue fo r  
a longer period then it  could be expected that the peak of the cytochrome 
P-450 would appear before the peak of the biomass. This was the case as 
reported by many workers in the Biochemistry department at the University 
of Surrey (Wiseman et aL, 1975). However due to the shorter fermentation  
times the yield of the cytochrome P-450 appears a fte r the peak of the 
biomass in this project.
For set-point control, i t  was found that the average time difference  
between the peak of the yeast biomass and the peak cytochrome P-450 was 
1 hour 57 minutes. For the tim e-profiled experiments the average time 
difference was 2 hours 5 minutes. However, the actual time difference w ill 
depend upon how long the fermentation has continued. Therefore, i f  the 
fermentation continues fo r a longer time then the cytochrome P-450 w ill 
peak before the biomass peak. I f  the the cytochrome P-450 peaks before the 
biomass peak this method, of determining the time at which to expect the 
maximum yield of cytochrome P-450, is not suitable.
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9 3 2 Using the On-line gas Analysers.
A sim ilar analysis can be made using the on-line gas analysers. In this 
case there were two analysers available. The carbon dioxide analyser which 
can detect up to 20% CO  ^ in the ferm enter off-gases. The CO  ^ analyser is a 
type SSlOO from  Analytical Development Co., Herts. The fermenter off-gases 
are passed between a hot-w ire source of in fra -red  and an in fra -red  
detector. The carbon dioxide absorbs energy from  the source and so reduces 
the amount of in fra -re d  reaching the detector. An optical f i l te r  ensures 
that there is minimal interference from  any other in fra -red  absorbing gases 
which may be in the sample such as w ater and ethanol. To decrease the 
possibility of wet off-gases reaching the detectors the off-gases are dried 
by passing them through a packed column of silica gel.
The oxygen analyser can measure up to 100% but fo r this application the 
oxygen analyser was set to measure up to 25% 0^. The analyser works by 
measuring the "paramagnetic susceptibility" of the gaseous sample. The 
dried fermenter off-gas is measured fo r oxygen before the carbon dioxide, 
because of the CO  ^ analyser requiring that one of the gas streams has the 
CO  ^ removed. The CO  ^ analyser often went o ff scale when measuring the 
ferm enter off-gases. To obtain an indication of the time when the maximum 
value of CO  ^ was attained the o ff-gas stream was diluted w ith air. This was 
achieved by inserting a Y-piece in the line and allowing the a ir to be 
sucked in by the CO  ^ analyser.
A typical measured output from  the two analysers is shown in figure 9* 3a.
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The response from  the two analysers can be seen to m irror each other. This 
is to be expected. Further i f  the CO  ^ and the are plotted against each 
other on a graph then two straight lines are achieved. This is shown above 
in figure 9* 3b. Figure 9 - 3c shows the expanded area around the turning  
point. The f irs t  half is the area in which the CO  ^ is increasing and the 
second half shows that a fte r the turning point the gradient w ill change and 
can easily be detected by an on-line computer to warn the operator that the 
cytochrome P-450 w ill soon be reaching a maximum concentration.
Because the fermentation carried out is "semi-anaerobic" it  is d iffic u lt to 
know the actual amount of carbon dioxide that should be released. Depending 
upon the conditions under which the fermentation takes place the amount of 
carbon dioxide can be calculated from  the stoichiometry of the yeast 
f  ermentation:
For ferm entative conditions:
C H 0 ---------------- > 2C H OH + 2C06 12 6 2 5 2
For aerobic conditions:
C H 0 + 60 ---- > 6C0 + 6H 06 12 6 2 2 2
Since the operation of the ferm enter occurs under conditions of very low 
oxygen the expected carbon dioxide level must lie somewhere between the two 
predicted stoichiometric conditions.
One fu rther equation must be taken into account when the stoichiometry of 
the system is studied. The production of yeast biomass. There are three
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empirical equations fo r the yeast elemental composition given by Bailey and 
Ollis (1987) depending upon the stage of the growth phase and the type of 
media upon which the yeast is grown. These composition formulae are:
CH N O1 . 6 6  0 . 1 3  0.40
CH N 01 . 7 5  0 . 1 5  0.50
CH N O P S1 . 6 4  0 . 1 6  0.52 0.01 0.005
These w ill also have an effect on the yield of the carbon dioxide and hence 
the measured oxygen in the ferm enter off-gases. The yield of carbon dioxide 
gives an indication of the stage of the fermentation. The previous section 
investigated the correlation between the biomass peak and the cytochrome 
P-450. There was definitely a strong correlation, and therefore, it  is also 
likely to be a correlation between the peak of the measured carbon dioxide 
and the minimum of the measured oxygen in the ferm enter o ff gases and to 
the peak of the cytochrome P-450. Figures 9*4  and 9*5 show the time of the 
CO^ and 0^ peaks/troughs versus the cytochrome P-450 peak yield time,The 
following correlation was obtained:
T  = K *  T  + KP 4 5 0  1 C02 2
where T^^^^ is time of enzyme peak a fte r experiment s tart (minutes)
^C02 time of carbon dioxide peak a fte r  experiment s tart
(minutes)
K and K are correlation constants.1 2
For set-point control:
K = 0 -9 9  8c K = 69*48 Correlation coefficient = 0*73  1 2
For tim e-profile  control:
K = 0*99  & K = 55*99 Correlation coefficient = 0*531 2
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The peak of the carbon dioxide coincides w ith minimum of the oxygen in the 
gas stream. The results fo r both the average results from  the CO^ maximum 
and the 0^ minimum indicate that the cytochrome P-450 peaks on average 69 
minutes a fte r the peak/trough under set-point control and 56 minutes fo r  
the tim e-profiled control. The equi-time line on each of the graphs appears 
to run parallel to the regressed line. This is an interesting result in 
that this does not correlate to the biomass /  cytochrome P-450 lines. I t  is 
also apparent that the data fits  to a straight line much more closely than 
the biomass lines under both sets of control conditions.
9 - 3 - 3  P redicting overa ll cytochrome P -4 50  peak tim e.
Over the period of this project it  has been found that the occurrence of 
the cytochrome P-450 depends upon many d ifferent parameters. However the 
time of the cytochrome P-450 peak has been found to be reasonably constant. 
The average time fo r the cytochrome P-450 peak measured under set-point 
control was 26*6 hours a fte r the time of inoculum and fo r the tim e-profiled  
experiments the time of the peak occurred at 29 -4  hours a fte r  the 
inoculation of the fermenter.
Being able to predict the time of the cytochrome P-450 peak allows fo r  
preparation of the downstream processing equipment so that the yeast can be 
used to its maximum. More importantly the ability  of predicting the peak 
allows harvesting of the maximum amount of the enzyme from  any experimental 
run. The shorter the time needed to identify the maximum peak yield the 
lower the loss in down time of the fermenter and the shorter the time spent 
investigating the i f  the peak has been achieved.
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From figures 9 -4  and 9*5 the spread of the times over which the set-point 
experiments occur is much greater than the tim e-profiled experiments. This 
is also a useful observation in that this w ill mean that i f  the 
fermentation is carried out under tim e-profiled control then the time of 
the yield can be predicted more accurately and w ith  a greater certainty.
9 *4  Discussion
The prediction of the cytochrome P-450 peak is now possible bearing in mind 
that the actual yield of cytochrome P-450 is very dependent upon the yeast 
extract batch. The effect of the peptone has not been investigated as much 
but it has been found that the peptone batch also plays a part in the 
overall cytochrome P-450 yield.
Estimating the time of the cytochrome P-450 maximum yield can be done 
either o ff-lin e  using the biomass peak time, which w ill vary as the 
fermentation progresses, or more accurately using the on-line gas 
analysers, which records data constantly over the period of the whole 
fermentation. The use of the gas analysers allows fo r a more accurate 
estimation because it is possible to take more readings around the time of 
the peak biomass and the cytochrome P-450 peak. I t  is also possible to use 
the information from  two d ifferen t gas analysers that work independently, 
in such a way that the information can be cross referenced and the 
cytochrome P-450 peak time can be independently obtained. It  was very 
noticeable that the occurrence of the peak CO  ^ and the trough in the 0^ 
coincided. Therefore the use of a computer to determine the end of the 
fermentation is to ta lly  feasible. I f  the CO  ^ and 0^ are plotted against 
each other then the turning point is easily determined.
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The estimation of the actual time of the cytochrome P-450 was more 
difficu lt. The model used to obtain the tim e-pro file  optimum suggested that 
the cytochrome P-450 would peak at 32 hours a fte r  the s tart of the 
experiment. This was definitely not the case. The estimation of the 
cytochrome P-450 peak is very important in the study of this process in 
yeast especially when carrying out the experiments in shake flasks in which 
only small samples can be taken at infrequent periods.
9*5  Conclusions
1) The maximum cytochrome P-450 yield can be estimated from  prior 
experiments.
2) The total yield of the cytochrome P-450 depends mostly upon the batch of 
yeast extract used, but can then be related to the time the medium was heat 
sterilised.
3) The time of the maximum cytochrome P-450 concentration can be found from  
the time of the biomass peak concentration using the correlation:
T  = K *  T  + KP 4 5 0  1 B I O 2
For set-point control:
K = 0*86  & K = 330*16 Correlation coefficient = 0*731 2
For tim e-profile  control:
K = 0*83 & K = 403*00 Correlation coefficient = 0*531 2
4) The use of the carbon dioxide and oxygen analysers can establish the 
time at which the cytochrome P-450 w ill be expected to peak using the 
correlation:
T  = K *  T  + KP 4 5 0  1 • C02 2
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For set-point control:
'K = 0-99  & K = 69-48 Correlation coefficient = 0-991 2
For tim e-profile  control:
K = 0 - 9 9  & K = 55-99 Correlation coefficient = 0-991 2
5) I t  is possible fo r the cytochrome P-450 to peak before or a fte r the 
biomass peak.
6) The use of the carbon dioxide and oxygen analysers gives a more accurate 
prediction of the cytochrome P-450 peak than the biomass estimation.
7) The time of the CO  ^ peak and the 0^ trough on the relevant analysers is 
always the same time ahead of the cytochrome P-450 peak as the lines run 
almost parallel to the cytochrome P-450 lines.
8) The time of the maximum biomass varies with the overall length of time 
that the experiments have been running. Eventually the cytochrome P-450 
peak w ill occur before the biomass peak i f  the experiments were so set up.
9) The CO  ^ analyser can be expected to d r ift  but the 0^ analyser can then 
be used as a backup.
10) The use of the peak time of the CO  ^ allows errors in the instruments 
calibration to be ignored provided the instrument is not adjusted during 
any single experiment.
11) The time of the cytochrome P-450 peak depends upon the type of vessel 
in which the experiments are carried out.
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12) The cytochrome P-450 can be expected to peak a fte r 26*6 hours fo r a 
set-point experiment.
13) The cytochrome P-450 can be expected to peak a fte r  29*4 hours fo r a 
time profile experiment.
14) The cytochrome P-450 can be expected to peak 69 minutes a fte r the
carbon dioxide and oxygen analyser peak/trough fo r a set-point experiment,
15) The cytochrome P-450 can be expected to peak 56 minutes a fte r the
carbon dioxide and oxygen analyser peak/trough fo r a time profiled  
experiment.
16) The cytochrome P-450 can be expected to peak 1 hour 57 minutes a fte r  
the biomass peak fo r a set-point experiment.
17) The cytochrome P-450 can be expected to peak 2 hours 5 minutes a fte r  
the biomass peak fo r a time profiled experiment.
18) The use of the gas analysers allows a shorter, more accurate warning
time before the cytochrome P-450 peaks than the biomass measurements.
19) The gas analysers can be used in conjunction w ith a more sophisticated 
control system to anticipate the cytochrome P-450. This can be carried out 
on-line as the turning point can be accurately determined i f  the CO  ^ and 0^ 
are plotted against each other.
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CHAPTER 10
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
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This chapter highlights the conclusions from  the project. Each major topic 
has been given a sub-heading so that the conclusions, fo r that piece of 
work, can be emphasised.
10'1 Test  Procedures
l O ' l ' l  Carbon Monoxide Bubble Rate
In the reduced carbon monoxide spectrophotometric assay of the cytochrome 
P-450 the bubble rate  must be kept to 60 bubbles per minute fo r 30 seconds. 
At lower bubble rates the measured cytochrome P-450 w ill decrease. At 
higher flow  rates the carbon monoxide is wasted.
10 -1 -2  Washing The Yeast Samples
Washing the yeast samples in either distilled w ater or phosphate buffer 
caused the measured yield of cytochrome P-450 enzymes to be decreased. The 
resuspension of the yeast sample in the supernatant also caused a sim ilar 
decrease in cytochrome P-450 yield. Therefore washing the samples was found 
unnecessary fo r the yeast samples when carrying out the cytochrome P-450  
assay.
10-2  Comparison o f se t-po in t and tim e -p ro file d  control strateg ies  
10-2-1 Predicted increase in the enzyme yield
The application of the calculated optimum tim e-profile  did not produce the 
predicted 113% increase in enzyme yield.
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I Q ' 2 ' 2  V aria b ility  o f the Enzyme Yield
The maximum enzyme yields obtained using the tim e-profiled  control strategy 
showed less variab ility  than those obtained using the set-point control 
strategy. This determined from  the coefficient of variation.
10 -2 *3  C ontro ller Accuracy
The accuracy of control of the individual ferm enter operating conditions 
depended upon the type of control strategy used. Using the criterion of the 
sum of squared differences (SSD) the following was observed:
a) the temperature was controlled more accurately under the 
set-point control than the tim e-profiled control;
b) the s tirre r speed was controlled more accurately under the 
tim e-profiled control than the set-point control;
c) the pH control showed no improvement under either control 
strategy.
10-2-3-1 Observations (a), (b), (c), can be explained by the mechanical
arrangement of the individual controllers.
1 0 - 2 - 4  Control Accuracy and the Enzyme Yield
The enzyme yield was strongly affected by the accuracy of the controlled 
parameters. In all cases of the three control parameters pH, temperature 
and s tirre r speed, and under both the control strategies, set-point and 
time profile, the following was observed:
a) Poor fermentation control accuracy (indicated by a high relative  
value of SSD) always produced low enzyme yields;
b) Accurate fermentation control produced a range of enzyme yields;
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c) Each controlled parameter, with both strategies, showed an
apparent minimum control error. This was indicated by the lack of 
SSD values between zero and the measured minimum value.
10-2* 4*1 Observation (a) indicates that the enzyme yield was strongly
affected by the accuracy of the controlled ferm enter parameters: this can
be expected from  a system operating near or at its optimum.
1 0 ' 2 ' 4 ' 2  Observation (b) indicates that the yield is affected by factors
other than control accuracy.
10* 2* 4 *3 Observations (b) and (c) indicate that the control accuracy is
the main factor in reducing the variab ility  in the enzyme yield.
1 0 '3  Batch varia tion  in the medium components: e f f e c t  on enzyme yield  
I O ' 3 ' I  Enzyme Yield
The enzyme yield was strongly affected by the batch-to-batch variation of 
the medium components. Of the medium components used in this project:
a) Changes in yeast extract had the greatest e ffect on the enzyme
yield;
b) Changes in the mycological peptone had less e ffect on the enzyme 
yield than the yeast extract;
c) Changes in the glucose and the sodium chloride batches had
virtually no effect on the enzyme yield.
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10*3-1*1 Observation (a) indicate that the use of the yeast extract can 
decrease the price of the overall medium formulation, but it  does introduce 
a greater degree of variab ility  in the enzyme yield.
10 • 3 • 1 ■ 2 The use of only mycological peptone would increase the production 
costs but decrease the variab ility  of the enzyme yield.
1 0 ‘ 4 Growth medium preparation; E f f e c t  on the Enzyme Yield  
I O ' 4 ' I  Growth medium component s te rilis a tio n  method
The enzyme yield was affected by the growth of the medium preparation 
method:
a) high enzyme yields were obtained when the growth medium was 
sterilised by filtra tio n ;
b) With the heat-sterilised medium, enzyme yields increased w ith
increasing autoclaving time up to a maximum value sim ilar to 
those obtained by f i l te r  sterilisation;
c) The e ffect of the heat sterilisation time was slightly d ifferent
between the tim e-profiled  and set-point controlled fermentations.
10*4* 1-1 Observation (a) indicates that the medium contains a particulate
or colloid material which inhibits enzyme production.
10 '4 '1 -2  Observation (b) indicates that a m aterial inhibiting the enzyme
production is inactivated by sufficient heat-treatm ent and/or that a 
m aterial promoting the enzyme production was produced or released a fte r  
sufficient heat treatment.
272
10* 4* 1*3 Observation (a) suggests that, it  is the removal, destruction or 
inactivation of a substance, which inhibits enzyme formation, that leads to 
the increase in enzyme yield by both filtra tio n  and sufficiently prolonged 
heat treatment.
10 '4 '  1 -4 From conclusion l O ' 4 ' l ' l  i t  may be hypothesised that a m aterial 
removed by filtra tio n  affects  the enzyme production by affecting the 
rheology of the growth medium, which in turn affects the homogeneity and 
the oxygen transfer.
10 -4 *2  C orre la tion  o f enzyme yield to heat trea tm en t period  
An empirical correlation fo r estimating the maximum enzyme yield according 
to heat treatm ent time is proposed, based on the maximum enzyme yield 
achieved fo r a specific combination of f i lte r  sterilised medium components:
Where:
P" = (t /  K ) * F fo r 60 t  90P 4 5 0  a u t o  a u t o  P450 a u t o
K = 8 5 * 6  minutes fo r set-point controlauto
K = 8 3 * 7  minutes fo r tim e-profiled controlauto
P = Predicted cytochrome P-450 (nmol/1)P 4 5 0
Fp4 5 o = Cytochrome P-450 yield (nmol/1) from  medium f i lte r  
sterilised
t  = Time medium spends in autoclave (minutes)auto
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1 0 '5  Time o f Enzyme Peak
I O ' 5 - I  Time o f enzyme peak and biomass peak
The time during the fermentation at which maximum enzyme concentration 
occurs is related to the time at which the maximum biomass concentration 
occurs. The following was observed:
a) The enzyme peak always occurred before the biomass peak;
b) The time interval between the biomass and enzyme peaks was 
slightly longer, on average, in the fermentations using the 
tim e-profiled control strategy than in those using set-point 
control strategy;
c) The time interval between the biomass and enzyme peaks decreased 
as the time taken to achieve the biomass peak increased.
I O ' 5 ' I ' I  Observation (a) indicates that the biomass measurement determining 
the biomass peak w ill be a useful warning of the imminent occurrence of the 
enzyme peak. Prior warning of the enzyme peak occurrence enables effic ient 
preparations fo r terminating the fermentation and down-stream processing of 
the enzymes.
10*5*1*2 Observation (a) implies that the occurrence of the enzyme yield 
can be more accurately determined. The advanced warning can therefore be 
used to harvest the enzyme at its maximum yield and save process time.
10*5*1*3 Observation (c) implies that in "slow" fermentations, the biomass 
and enzyme peaks are simultaneous. With "very slow" fermentations the 
enzyme peak may precede the biomass peak.
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10*5 '1 ’ 4 Observation (c) fu rth er implies that the enzyme formation is not 
directly coupled to the biomass formation.
1 0 ' 5 ' 2  C orrelation  o f biomass and enzyme peaks
The time interval between the occurrence of the biomass and enzyme peaks 
can be described by the correlations:
T  = K *  T  + KP450 1 B IO  2
Where:
Tp45= Time of occurrence of enzyme peak a fte r experiment s tart (mins)
Tp^^= Time of occurrence of biomass peak a fte r experiment s tart (mins)
K and K correlation constants 1 2
For set-point experiments:
K = 0*86  1
K = 330-16 2
Correlation Coefficient = 0-73  
For tim e-profile  experiments:
K =  0-83  1
K = 403*0  2
Correlation Coefficient = 0*53
10*5*3 Overal l tim e o f enzyme peak yield
The average time fo r the maximum yield of cytochrome P-450 varied depending 
upon the control strategy:
a) For the set-point control strategy the average time fo r the 
enzyme peak was 26*6 hours
b) For the tim e-profile  control strategy the average time fo r the 
enzyme peak was 29*4 hours
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10-6  Exhaust gas analysis
10-6-1  Maximum carbon dioxide and minimum oxygen concentration  
The peak concentration of the carbon dioxide always occurred at the same 
time as the minimum oxygen concentration. For brevity this w ill be referred  
to as the "gas turning point".
10-7  Exhaust gas and enzyme peak
10-7 -1  Time of exhaust gas peak and enzyme peak
Comparing the time of the occurrence of the exhaust gas peak concentration 
(minimum oxygen concentration) with the enzyme peak yield:
a) The gas turning point always occurred before the enzyme peak;
b) the time interval between the gas turning point and the enzyme 
peak was virtually constant fo r a given control strategy;
c) the time interval between the gas-turning point and the enzyme 
peak was slightly longer fo r the set-point control (69 minutes) 
than fo r the tim e-profiled control (56 minutes).
10-7-1-1 Observation (b), w ith observation 10 -5 -1(c), indicates that the 
time interval between the gas turning point and the peak biomass 
concentration varies in the same way as the enzyme peak/biomass peak time 
interval.
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1 0 - 7 - 2 Exhaust gas and enzyme peak corre la tion
The time of the occurrence of the enzyfne peak can be related empirically to 
the gas turning point by the correlations:
T  = K *  T + KP450 1 GTP 2
Where:
T  = Time of occurrence of enzyme peak a fte r experiment s tart (mins) P450
Tpj^= Time of occurrence of gas turning point a fte r experiment s tart 
(mins)
K and K correlation constants 1 2
For set-point experiments:
K^= 69•48
K = 0-992
Correlation Coefficient = 0-99
For tim e-profile  experiments:
K^= 55-99
K = 0-99  2
Correlation Coefficient = 0-99
1 0 - 7 - 3  C orrelation  re lia b ility
Exhaust gas analysis gives a more useful and reliable prediction of the 
time of occurrence of the enzyme peak than the biomass peak measurement.
1 0 - 7 - 4  Advanced w arning time o f enzyme peak
The experiments carried out using the tim e-pro file  control strategy 
provided a shorter warning time (56 minutes), fo r the imminent peak yield 
of enzyme, than the set-point experiments (69 minutes) when using the gas 
turning point.
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10 -7 -5  Computerised warning o f enzyme peak
The exhaust gas analysers provide an empirical method of predicting the
enzyme peak which is on-line, and potentially computer controllable. Using 
this technique is easier than biomass determinations. This technique 
permits sterile operation of the ferm enter and w ill prevent contamination of 
the ferm enter because no samples w ill be required from  the fermenter.
10-8  Recommendations fo r  fu r th e r  w ork
A more f  undamental study of the synthesis of the cytochrome P-450 
production must be undertaken so that the key substrates can be
established. This requires the use of defined media and a detailed series
of experiments.
The optimisation of the cytochrome P-450 can be taken a stage fu rther using 
the on-line measurements of the gas analysers to develop on-line 
optimisation techniques, continually updating the control profile  w ith  
respect to time. The tim e-pro file  control should be re-analysed to include
a concentration model fo r the cytochrome P-450 based on the key nutrient 
concentration or the theoretically produced off-gas concentration. The 
model must not include any relation to the biomass concentration and the 
cytochrome P-450 concentration as this cannot hold true over the control 
period.
The modelling of the system with particular reference to the other products 
of fermentation should be carried out. There is one other major product 
that is formed with the production of cytochrome P-450 which has industrial
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importance, ie ethanol. These optimisation techniques could be used to 
improve the yield of ethanol or even to reduce the ethanol levels but 
maintaining the flavours of the fermentation products.
The development of an on-line warning system fo r anticipation of the 
cytochrome P-450 should be studied. This could then also be used to 
determine the time of the maximum concentration of alcohols and other 
fermentation products.
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INTEGER I,K,M,L,J
DOUBLE PRECISION X1,X2,X3,B1,B2,B3,B4,BX11,BX12,BX13,A, 
1BX21,BX22,BX23,BX31,BX32,BX33,BX41,BX42,BX43, 
2C1.C2,C3,C4,Y1,Y2,D1,D2,D3.D4,Z1,22,E1,E2,E3,E4, 
3F1.F2,F3,F4,ER,H,DH1,DH2,DH3,C0N1,C0N2,C0N3.
4SUM1, SUM2, KOUNTI, K0UNT2,T,PH, RPM, DH. W 
DIMENSION X1(129.2),X2(129,2),X3(129,2),B1(129,2), 
1B2(129,2),B3(129,2),B4(129,2),BXI1(129,2),A(4,10), 
2BX12(129,2),BX13(129,2),BX21(129,2),BX22(129.2)
DIMENSION BX23(129,2),BX31(129,2),BX32(I29,2),
1BX4K129,2), 6X42(129,2), BX43(129,2), Cl( 129,2),
2C2(129,2),C3(129,2),C4(129,2),Y1(129,2),Y2(129,2),
3D1(129,2),D2(129,2),D3(129,2),D4(129,2),Z1(129,2)
DIMENSION Z2(129,2),E1(129.2).E2(129,2),E3(129,2), 
1E4(129,2),F1(129,2),F2(129,2),F3(129,2),F4(129,2)
DIMENSION H(129,2),H12(129,2),
1DH1(129,2),DH2(129,2),DH3(129,2)
DIMENSION 6X33(129,2),
1RPM(129,2),DH(129,2),T(129,2),PH(129,2)
C
C READ IN VALUES OF COEFFICIENTS OF QUADRATIC APPROXIMATE 
C EQUATIONS FOR THE CONSTANTS bi FROM FILE QUAD.COEFFS 
C
READ(5,*)((A (I,J),1=1,4), J=l,10)
ER=0.1
CON1=0.01
C0N2=0.01
C0N3=0.01
C
C READ IN VALUES OF IN ITIAL BIOMASS AND CYTOCHROME 
C YONE YTWO
C
CALL TNOUA ( ’Enter in itia l biomass (g dry weight/1); ’ ,40) 
READ (1,*)Y0NE
CALL TNOUA ( ’Enter in itia l cytochrome P450 (nmol/1): ’ ,40) 
READ (1,*)YTW0
C
C INITIALISATION OF PROFILE
C START WITH EXPERIMENTAL VARIABLES AT THEIR  
C CENTRE-POINT VALUES 
C
DO 10 1=1,129 
X1(I,1)=0.0  
X2(I,1)=0.0  
X3(I,1)=0.0  
H(I,2)=-1.0D7  
10 CONTINUE
298
c
c X1=TEMPERATURE 
C X2=PH 
C X3=RPM
C EVALUATION OF THE CONSTANTS IN THE STATE EQUATIONS 
C I,K ,L  SPECIFIES THE POSITION ALONG THE. TIME AXIS 
C M SPECIFIES THE NUMBER OF ITERATIONS DONE 
C
C ITERATION FOR PROFILES START 
C
W=0.25
DO 190 M =l,200  
DO 20 1=1,129
B1(I,1)=A(1,1)+A(1,2)*X1(I,1)+A(1,3)*X2(I,1)+
1 A(1,4)*X3(I,1)+A(1,5)*X1(I,1)*X1(I,1)+
2 A(1,6)»X2(I,1)*X2(I,1)+A(1,7)*X3(I,1)*X3(I,1)+
3 A(1,8)*X1(I,1)*X2(I,1)+A(1,9)*X1(I,1)*X3(I,1)+
4 A(1,10)*X2(I,1)*X3{I,1)
B2(I,1)=A(2,1)+A(2,2)*X1(I,1)+A(2,3)*X2(I,1)+
1 A(2,4)*X3(I,1)+A(2,5)*X1(I,1)*X1(I,1)+
2 A(2,6)*X2(I,1)*X2(I,1)+A(2,7)*X3(I,1)*X3(I,1)+
3 A(2,8)*X1(I,1)^X2(I,1)+A(2,9)*X1(I,1)*X3(I,1)+
4 A(2,10)*X2(I,1)*X3(I,1)
B3(I,1)=A(3,1)+A(3,2)*X1(I,1)+A(3,3)*X2(I,1)+
1 A(3,4)*X3(I,1HA(3,5)*X1(I,1)*X1(I,1)+
2 A (3 ,6 )*X 2 (I,l)*X 2 (I,l)+ A (3 ,7 )*X 3 (I,l)*X 3 (I,l)+
3 A(3.8)^X1(I,1)*X2(I,1)+A(3,9)*X1(I,1)*X3(I,1)+
4 A(3,10)^X2(I,1)*X3{I,1)
B4{I,1)=A(4,1)+A(4.2)*X1(I,1)+A(4,3)*X2(I,1)+
1 A(4,4)*X3(I,1)+A(4,5)*X1(I,1)*X1(I,1)+
2 A(4,6)*X2(I,1)*X2(I,1)+A(4,7)*X3(I,1)*X3(I,1)+-
3 A (4 ,8 )*X l(I,l)*X 2 (I,l)+ A (4 ,9 )*X l(I,l)*X 3 (I,l)+
4 A(4,10)*X2(I,1)*X3(I,1)
299
c
c BX11=DB1/DX1,BX12=DB1/DX2,BX13=DB1/DB3 
C BX21=DB2/DX1, BX22=DB2/DX2, BX23=DB2/DX3 
C BX31=DB3/DX1, BX32=DB3/DX2, BX33=DB3/DX3 
C BX41=DB4/DX1,BX42=DB4/DX2,BX43=DB4/DX3 
C
BX11(I,1)=A(1,2)+2.0*A{1,5)^X1(I,1)+ 
A(1,8)’^ X2(I,1)+A(1,9)*X3(I,1)
BX12(I,1)=A(1,3)+2.0*A(1,6)*X2(I,1)+ 
A(1.8)*X1(I,1)+A(1,10)^X3(I,1)
BX13(I,1)=A(1,4)+2.0*A(1,7)*X3(I,1)+ 
A(1,9)*X1(I,1)+A(1,10)*X2(I,1)
BX21(I,1)=A(2,2)+2.0*A(2,5)*X1(I,1)+ 
A(2,8)*X2(I,1)+A(2.9)^X3(I,1)
BX22(I,1)=A(2.3)+2.0*A(2,6)*X2(I.1)+  
A(2,8)*X1(I,1)+A(2,10)*X3(I,1)
BX23(I,1)=A(2,4)+2.0*A(2.7)*X3(I,1)+  
A(2,9)*X1(I,1)+A(2,10)*X2(I,1)
BX31(I,1)=A(3,2)+2.0*A(3,5)*X1(I,1)+ 
A(3,8)*X2{I,1)+A(3,9)*X3(I,1)
BX32(I,1)=A(3,3)+2.0*A(3,6)*X2(I,1)+  
A (3 ,8 )*X l(I,l)+A (3 ,10)*X 3(I.l)
BX33(I,1)=A(3,4)+2,0*A(3,7)*X3(I,1)+  
A(3,9)*X1(I,1)+A(3,10)*X2(I,1)
BX41(I,1)=A(4,2)+2.0*A(4,5)*X1(I,1)+ 
A(4,8)*X2(I,1)+A(4,9)*X3(I,1)
BX42(I,1)=A(4,3)+2.0*A(4,6)*X2(I,1)+  
A(4,8)*X1(I,1)+A(4,10)*X3(I,1)
BX43(I,1)=A(4,4)+2.0*A(4,7)*X3(I,1)+  
A(4,9)*X1(I,1)+A(4,10)*X2(I,1)
20 CONTINUE
300
c
c NUMERICAL INTEGRATION OF THE BIOMASS EQUATION 
C DY1/DT=B1*Y1-B1*Y1*Y1/B2 
C
Y1(1,1)=Y0NE 
DO 30 K=2,129 
I=K-1
C1(K,1)=W*(B1(I,1)*Y1(I,1)-B1(I,1)*Y1(I,1)*
1 Y1(I,1)/B2(I,1))
C 2 (K ,l)= W *((((B l(K ,l)-B l(L l))/2 .0 )+ B l(I,l))*
1 (Y1(I,1)+0.5*C1(I,1))-
2 (((B l(K ,l)-B l(I,l)) /2 .0 )+ B K l,l))*
3 (Y1(I.1 )+0.5*C1(K ,1))W (I,1)+0.5*C 1(K ,1))/
4 (((B 2 (K ,l)-B 2 (I,l))/2 .0 )+ B 2 (L l)))
C 3(K ,l)= :W *({((B i{K ,l)-B l(I,l))/2 .0 )+B l(I,l))*
1 (Y I(I.1)+0.5*C2(K ,1))-
2 (((B l(K ,l)-B l{ I.l) ) /2 .0 )+ B l( I,l) )*
3 (Y1(I,1)+0.5*C2(K,1))*(Y1(I,1)+0.5*C2(K,1))/
4 (((B 2 (K ,l)-B 2 (I,l))/2 .0 )+ B 2 (I,l)))
C4(K,1)=W*(B1(K,1)*(YI(I,1)+C3(K,1))-B1(K,1)*
1 (Y l(I,l)+ C 3 (K ,l))n Y I(I,l)+ C 3 (K ,l))/B 2 (K ,l))
Y1(K,1)=Y1(I,1)+((C1(K,1)+2.0*C2(K,1)+
1 2.0*C3(K.1)+C4(K,1))/6.0)
30 CONTINUE
C
C NUMERICAL INTEGRATION OF THE P450 EQUATION 
C DY2/DT=B3*Y1-B4*Y2  
C
Y2(1,1)=YTW0 
DO 40 K=2,129 
I=K-1
D1(K,1)=W *(B3(I,1)*Y1(I,1)-B4(I,1)*Y2(I,U)
D 2(K .l)=W *((((B 3(K ,l)-B 3(I,l))/2 .0 )+B 3(I,l))^
1 ( ( (Y l(K .l) -Y l( I , l ) ) /2 ,0 )+ Y l( I , l ) ) -
2 (((B 4 (K ,l)-B 4 (I,l))/2 .0 )+ B 4 (I,l))*
3 (Y2(I,1)+0.5*D1(K,1)))
D 3 (K ,l)= W *((((B 3 (K ,l)-B 3 (I,l))/2 .0 )+ B 3(I.l))*
1 ( ( (Y l(K .l) -Y l( I , l ) ) /2 .0 )+ Y l( I , l ) ) -
2 (((B 4C K ,l)-B 4(I,l))/2 .0 )+B 4{I,l))*
3 (Y2(I,1)+0.5*D2(K,1)))
D4(K,1)=W*(B3(K,1)’^ Y1(K,1)-B4(K,1)^
1 (Y2(I,1)+D3(K,1)))
Y2(K.1)=Y2(I,1)+((D1(K,1)+2.0*D2{K,1)+
1 2 .0*D 3(K ,l)+D 4(K ,l))/6 .0 )
40 CONTINUE
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c
c BACKWARDS NUMERICAL INTEGRATION OF THE 
C SECOND ADJOINT EQUATION
C DZ2/DT=Z2*B4------------------------------------------- Z 2(T f)=L 0
C
Z2(129,l)=1.0
DO 50 K=2,129 
L=130-K  
I=L+1
E1(L,1)=W *(Z2(I,1)*B4(I,D)
E2(L,1)=W *((Z2(I,1)-0.5*E1(L,1))*
1 (((B 4 (L .l)-B 4 (I.l))/2 .0 )+ B 4 (I.l)))
E3(L.1)=W ^((Z2(I,1)-0.5*E2(L,1))*
1 (((B 4 (L ,l)-B 4 (I,l))/2 .0 )+ B 4 (I,l)))
E4(L,1)=W *((Z2(I,1)-E3(L,1))*B4(L.D)
Z2(L,1)=Z2(I,1)-((E1(L,1)+2.0*E2(L,1)+
1 2 .0 *E 3 (L ,l)+ E 4 (L ,I))/6 .0 )
50 CONTINUE
C
C BACKWARDS NUMERICAL INTEGRATION OF THE 
C SECOND ADJOINT EQUATION
C DZl/DT=-Z l*B l+2.0*Z1*Y1*B 1/B 2-Z2*B 3-------- Z K T f )=0.0
C
Z l(129,l)=0 .0  
DO 60 K=2,129 
L=130-K  
I=L+1
F1(L,1)=W *(-(Z1(I,1)*B1(I,1))+(2.0*Z1(I,1)*
1 Y1(I,1)*B1(I,1)/B2(I,1))-(Z2(I,1)*B3(I,1)))
F2(L ,1)=W *((-(Z1(I,1)-0.5*F1(L,1))*
1 (((B l(L ,l)-B l( I.l) )/2 .0 )+ B l( I,l) ) )+
2 (2 .0*(Z1(I,1)-0.5*F1(L ,1))*
3 ( ( (B l(L ,l) -B l( I,l) ) /2 .0 )+ B l( I,l) )*
4 ( ( (Y l(L . l ) -Y l( I , l ) ) /2 .0 )+ Y l( I , l ) ) /
5 { ((B 2 (L ,l)-B 2 (I,l))/2 .0 )+ B 2 (I,l)))-
6  ( ( ( (Z 2 [L ,l) -Z 2 ( I,l) ) /2 .0 )+ Z 2 (I,l) )*
7 (((B 3 (L ,l)-B 3 (I,l))/2 .0 )+ B 3 (I,l))))
F3(L ,1)=W *((-(Z1(I,1)-0 .5*F2(L ,1))*
1 (((B l(L ,l)-B l( I,l) )/2 .0 )+ B l( I,l) ) )+
2 (2 .0*(Z1(I,1 )-0 .5*F2(L ,1 ))*
3 (((B l(L .l) -B l( I,l) ) /2 .0 )+ B U l,l) )*
4 ( ( (Y l(L ,l ) -Y l( I , l ) ) /2 .0 )+ Y l( I , l ) ) /
5 { ((B 2 (L ,l)-B 2 (I,l))/2 .0 )+ B 2 (I,l)))-
6  ( ( ( (Z 2 (L ,l) -Z 2 ( I, l) ) /2 .0 )+ Z 2 (I,l) )*
7 (((B 3 (L ,l)-B 3 (I,l))/2 .0 )+ B 3 (I,l))))
F4(L,1)=W *((-(Z1(I,1)-F3(L,1))*
1 B1(L,1))+(2.0*(Z1(I,1)-F3(L,1))*
2 Y1(L,1)’^ B1(L,1)/B2(L,1))-
3 (Z2(L,1)*B3(L,1)))
Z1(L,1)=Z1{I,I)-((FUL,1)+2.0*F2(L,1)+2.0*F3(L,1)+  
1 F 4 (L ,l)) /6 .0 )
60 CONTINUE
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c
c  CALCULATION OF THE HAMILTONIAN AND OF dH/dX  
C
DO 70 K=l,129
H(K,1)=Z1(K,1)*B1(K,1)*Y1(K,1)-
1 Z1(K,1)*B1(K.1)*Y1(K,1)*Y1(K,1)/
2 B2(K,1)+Z2(K,1)*Y1(K,1)*B3(K,1)-
3 Z2(K ,l)^B 3(K ,l)*Y2(K .l)
C
C dH/dXl=DHI 
C dH/dX2=DH2 
C dH/dX3=DH3 
C
DH1(K,1)=Z1(K,1)*Y1(K,1)*^BX1I(K,1)-
1 Z1(K,1)*Y1(K,1)*^YUK,1)*BX11{K,I)/B2(K,1)+
2 Z1(K,1)*Y1(K,1)*Y1(K,1)*B1(K,1)^
3 BX21(K,1)/(B2(K,1)*B2(K,1))+
4 Z 2(K ,l)*Y l(K ,l)*B X 31(K .l)-
5 Z2(K,1)*Y2(K,1)*BX41(K,1)
C
DH2(K,1)=Z1(K,1)*Y1(K,1)^BX12(K.1)-
1 Z1(K,1)*Y1(K,1)*Y1(K,1)’^ BX12{K,I)/B2(K,1)+
2 Z1(K,1)*Y1(K,1)^Y1(K.1)*B1(K,1)*
3 BX22(K,1)/(B2(K,1)*B2(K,1))+
4 Z2(K,I)*Y1(K,1)*BX32(K,1)-
5 Z2(K,1)*Y2(K,1)*BX42(K,1)
C
DH3(K,1)=Z1(K,1)*Y1(K,1)*BX13(K,1)-
1 Z l(K ,l)*Y l(K .l)m (K ,l)*B X l3 (K ,l) /B 2 (K ,l)+
2 Z1(K,1)*Y1(K,1)*Y1(K,1)*B1(K,1)*
3 BX23(K,1)/(B2(K,1)*B2(K,1))+
4 Z2(K,1)*Y1(K,1)*BX33(K,D-
5 Z2(K,1)*Y2(K.1)*BX43(K,1)
C
C STEEPEST ASCENT OF THE HAMILTONIAN 
C IS dH/dX=0 
C
DH(K,1)=DH1(K,1)+DH2(K,I)+DH3(K,1)
H12(K,1)=H(K,1)-H(K,2)
IF (DABS(DH(K,1)).LE.(ER^ER)) XI(K,2)=XUK,1)
IF  (DABS(DH(K,1)).LE.(ER*ER)) X2(K,2)=X2(K.l)
IF  (DABS(DH(K,1)).LE.(ER*ER)) X3(K,2)=X3(K,1)
IF (DABS(DH(K,1)).LE.(ER*ER)) GO TO 70
C
C IS H(K,1),LT.H(K,2)
C IF  (H(K,1).LE.H(K,2)) X1(K,2)=X1(K,1)
C IF  (H(K,1).LE.H(K,2)) X2(K,2)=X2(K,1)
C IF  (H(K,1).LE.H(K,2)) X3(K,2)=X3(K,1)
C IF (H(K,1).LE.H(K,2)) GO TO 180 
C CORRECTION OF CONTROL VARIABLES 
C
X1(K,2)=XI{K,1)+C0N1*DH1(K,I)
X2(K,2)=X2(K,1)+C0N2*DH2(K,1)
X3 ( K, 2 )=X3 ( K, 1)+C0N3*DH3 ( K, 1)
C
C PROJECTION ON THE CONSTRAINTS 
C
IF (X U K ,2).LE .(-L682)) X1(K,2)=X1(K,1)
IF (X1(K,2).GE.(I.682)) X1(K,2)=X1(K,1)
IF (X2(K ,2).LE.(-1.682)) X2(K,2)=X2(K,1)
IF (X2(K ,2),GE.(L682)) X2(K,2)=X2(K,1)
IF (X3(K .2).LE .(-L682)) X3(K,2)=X3(K,1)
IF (X3(K,2).G E.(L682)) X3(K,2)=X3(K,1)
70 CONTINUE 3 Q3
c
c  SECOND SET OF DATA 
C
DO 80 1=1,129
B1(I,2)=A(1,1)+A(1,2)*X1(I,2)+A(1,3)*X2(I,2)+
1 A(1,4)*X3(I,2)+A{1,5)*X1(I,2)*X1(I,2)+
2 A(1,6)*X2(I,2)*X2(I,2 )+A(1,7)*X3(I,2)*X3(I,2)+
3 A(1,8)*X1(I,2)^X2(I,2)+A(1,9)*X1(I,2)*X3(I,2)+
4 A(1,10)*X2(I,2)*X3(I,2)
B2(I,2)=A(2,1)+A(2,2)*X1(I,2)+A(2,3)*X2(I,2)+
1 A (2,4)*X3(I,2)+A(2,5)*X1(I,2)*X1(I,2)+
2 A (2,6)*X2(I,2 )*X2(I,2 )+A (2,7)’^ X3(I,2)»X3{I,2)+
3 A (2,8)^X1(I,2)*X2(I,2)+A(2,9)*X1(I,2)*X3(I,2)+
4 A (2,10)*X2(I,2)*X3(I,2)
B3(I,2)=A(3,1)+A(3,2)*X1(I,2)+A(3,3)*X2(I,2)+
1 A (3,4)*X3(I,2)+A(3,5)*X1(I,2)*X1(I,2)+
2 A (3,6)*X2(I,2)*X2(I.2 )+A (3,7)*X3(I,2)^X3(I,2)+
3 A (3,8)*X1(I,2)*X2(I,2 )+A (3,9)*X1(I,2)*X3(I,2)+
4 A (3,10)*X2(I,2)*X3(I,2)
B4(I,2)=A(4,1)+A(4,2)*X1{I,2)+A(4,3)*X2(I,2)+
1 A(4,4)*X3(I,2)+A{4,5)*X1(I,2)*X1(I,2)+
2 A (4,6)*X 2(I,2 )*X 2(I,2 )+A (4,7)*X 3(I,2 )*X 3(I,2 )+
3 A (4,8)*X1(I,2)*X2(I,2 )+A (4,9)*X1(I,2)*X3(I,2)+
4 A (4,10)*X2(I,2)*X3(I,2)
C
BX11(I,2)=A(1,2)+2.0*A(1,5)*X1(I,2)+
1 A (l,8P X 2(I,2 )+A (l,9 )*X 3a ,2 )
BX12(I,2)=A(1,3)+2.0*A(1,5)*X2(I,2)+
1 A(1.8)*X1(I,2)+A(1,10)*X3(I,2)
BX13(I,2)=A(1,4)+2.0*A(1,7)*X3(I,2)+
1 A(1,9)*X1(I,2)+A(1,10)*X2(I,2)
BX21(I,2)=A(2,2)+2.0^A(2,5)*X1(I,2)+
1 A (2 ,8)*X2(I,2)+A (2,9)*X3(I,2)
BX22(I,2)=A(2,3)+2.0*A(2,6)*X2(I,2)+
1 A(2,8)*X1(I,2)+A(2,10)*X3(I,2)
BX23(I,2)=A(2,4)+2.0*A(2,7)*X3(I,2)+
1 A(2,9)*X1(I,2)+A(2,10)*X2(I,2)
BX31(I,2)=A(3,2)+2,0*A(3,5)*X1(I,2)+
1 A (3,8)’^ X2(I.2)+A(3,9)*X3(I,2)
B X32(I,2)=A(3,3)+2.0*A(3,6)*X2(I,2)+
1 A(3,8)*X1(I,2)+A(3,10)*X3(I,2)
B X33(I,2)=A(3,4)+2.0*A(3,7)*X3(I,2)+
1 A(3,9)*X1(I,2)+A(3,10)*X2(I,2)
BX41(I,2)=A(4,2)+2.0^A(4,5)*X1(I,2)+
1 A(4,8)*X2(I,2)+A(4,9)^X3(I,2)
BX42(I,2)=A(4,3)+2.0^A(4,6)*X2(I,2)+
1 A(4,8)*X1(I,2)+A(4,10)*X3(I,2)
BX43(I,2)=A(4,4)+2.0*A(4,7)*X3(I,2)+
1 A(4,9)*X1(I,2)+A(4,10)*X2(I,2)
80 CONTINUE
304
c
c  NUMERICAL INTEGRATION OF THE BIOMASS EQUATION 
C DY1/DT=B1*Y1-B1*Y1*Y1/B2 
C
Y1(1,2)=Y0NE 
DO 90 K=2,129 
I=K-1
C1(K,2)=W ^(B1(I,2)*Y1(I,2)-B1(I,2)*Y1(I,2)*
1 Y 1(I,2 )/B 2(I,2 ))
C 2(K ,2 )=W *((((B l(K ,2 )-B l(I,2 ))/2 .0 )+B l(I,2 ))*
1 (Y l(I,2 )+ 0 .5 *C i(K ,2 ))-
2 (((B l(K ,2 )-B l(I,2 ))/2 .0 )+ B l(I,2 ))*
3 {Y1(I,2)+0.5*C1(K,2))*(Y1(I,2)+0.5*C1(K,2))/
4 ({(B 2(K ,2)-B 2(I,2 ))/2 .0)+B 2(I,2 )))
C 3(K ,2 )=W *((((B l(K ,2)-B l{I,2 ))/2 .0 )+B l(I,2 ))*
1 (Y1(I,2)+0.5*C2(K ,2))-
2 (((B1(K .2)-BKI,2))/2.0)+B1(K ,2))*
3 (Y 1(L2)+0.5*C 2(K ,2))*(Y I(I,2 )+0.5*C 2(K ,2))/
4 (((B 2(K ,2)-B 2(I,2 ))/2 .0 )+B 2(I,2 )))
C4(K,2)=W^(B1(K,2)*(Y1(I,2)+C3(K,2))-B1(K,2)* 
1 (Y1(I,2)+C3(K,2))*(Y1(K,2)+C3(K,2))/B2(K.2))
Y1(K,2)=Y1(I,2)+((C1(K,2)+2.0*C2(K,2)+
1 2.0^C3(K,2)+C4(K,2))/6.0)
90 CONTINUE
C
C NUMERICAL INTEGRATION OF THE P450 EQUATION 
C DY2/DT=B3*Y1-B4*Y2  
C
Y2(1,2)=YTW0 
DO 100 K=2,129 
I=K-1
D 1(K ,2)=W *(B3(I,2)*Y1(I,2)-B4(I,2)*Y2(I,2))
D 2(K ,2)=W *((((B 3(K ,2)-B 3(I,2 ))/2 .0)+B 3(I,2 ))*
1 (((Y l(K ,2 )-Y l( I,2 )) /2 .0 )+ Y l( I,2 ))-
2 (((B 4(K .2 )-B 4(I,2 ))/2 .0 )+B 4(I,2 ))*
3 (Y2(I.2)+0.5*D1(K,2)))
D 3(K ,2)=W *((((B 3(K ,2)-B 3(I,2 ))/2 ,0)+B 3(I,2 ))*
1 (((Y l(K ,2 )-Y l( I,2 )) /2 .0 )+ Y l( I,2 ))-
2 (((B 4(K ,2 )-B 4(I,2 ))/2 .0 )+B 4(I,2 ))*
3 (Y2(I,2)+0.5*D2(K ,2)))
D4(K,2)=W *(B3(K,2)*Y1(K,2)-B4(K,2)*
1 (Y2(I,2)+D3(K,2)))
Y2(K,2)=Y2(I,2)+((D1(K,2)+2.0*D2(K,2)+
1 2.0*D 3(K ,2)+D 4(K ,2))/6 .0)
100 CONTINUE
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c
c BACKWARDS NUMERICAL INTEGRATION OF THE 
C SECOND ADJOINT EQUATION
C D22/D T=22*B 4------------------------------------------- Z2(Tf)=1.0
C
Z2(129,2)=1.0 
DO 110 K=2,129 
L=130-K  
I=L+1
E1(L,2)=W *(Z2(I,2)*B4(I,2))
E 2(L ,2 )=W *((Z2(I,2 )-0 .5*E 1(L ,2 ))*
1 (({B 4(L .2 )-B 4(I,2 ))/2 .0 )+B 4(I,2 )))
E 3(L ,2 )=W *((Z2(I,2 )-0 .5*E 2 (L ,2 ))*
1 (((B 4(L ,2 )-B 4(I,2 ))/2 .0 )+B 4(I,2 )))
E4(L,2)=W *((Z2(I,1)-E3(L ,2))*B 4(L ,2))
Z2(L,2)=Z2(I,2)-((E1(L,2)+2.0^E2(L,2)+
1 2 .0*E 3(L .2 )+ E 4(L ,2 ))/6 .0 )
110 CONTINUE
C
C BACKWARDS NUMERICAL INTEGRATION OF THE 
C FIRST ADJOINT EQUATION
C D Z I/D T=-Z I*B l+2 .0*Z I*Y 1*B 1/B 2-Z2*B 3---------- Z l(T f  )=0.0
C
Zl(129,2)=0.0  
DO 120 K=2,I29  
L=130-K  
I=L+1
F1(L.2)=W ^(-(Z1(I,2)^B1(I,2))+(2.0*Z1(I,2)*
1 Y l( I ,2 m (I,2 ) /B 2 ( I,2 ) ) - (Z 2 ( I,2 )*B 3 ( I,2 ) ) )
F2(L ,2)=W *((-(Z1(I,2 )-0 .5*F1(L ,2))^
1 (((B l(L ,2 )-B l(I,2 ))/2 .0 )+ B l(I,2 )))+
2 (2 .0 *(Z 1 (I,2 )-0 .5 *F 1 (L ,2 ))*
3 (((B l(L ,2 )-B l(I,2 ))/2 .0 )+ B l(I,2 ))*
4 ( ( (Y l(L ,2 )-Y l( I,2 )) /2 .0 )+ Y l( I,2 )) /
5 (((B 2 (L ,2 )-B 2(I,2 ))/2 .0 )+B 2(I,2 )))-
6 ((((Z 2 (L ,2 )-Z 2 (I,2 ))/2 .0 )+ Z 2 (I,2 ))*
7 (((B 3(L ,2 )-B 3(I,2 ))/2 .0 )+B 3(I,2 ))))
F3 (L ,2 )=W *((-(Z 1 (I,2 )-0 .5 *F 2 (L ,2 ))*
1 (((B l(L ,2 )-B l(I,2 ))/2 .0 )+ B l(I,2 )))+
2 (2 .0 *(Z 1 (I,2 )-0 .5 *F 2 (L ,2 ))*
3 (((B l(L ,2 )-B l(I,2 ))/2 .0 )+ B l(I,2 ))*
4 ( ( (Y l(L ,2 )-Y l( I,2 )) /2 .0 )+ Y l( I,2 )) /
5 (((B 2 (L ,2 )-B 2 (I,2 ))/2 .0 )+B 2(I,2 )))-
6 ((((Z 2 (L ,2 )-Z 2 (I,2 ))/2 .0 )+ Z 2 (I,2 ))*
7 (((B 3(L ,2 )-B 3(I,2 ))/2 .0 )+B 3(I,2 ))))
F4(L ,2 )=W *((-(Z 1(I,2 )-F 3(L ,2 ))*
1 B 1(L ,2))+ (2 .0*(Z1(I,2 )-F3(L ,2))*
2 Y l(L ,2 m (L ,2 ) /B 2 (L ,2 ) ) -
3 (Z2(L ,2)*B 3(L ,2)))
Z1(L,2)=Z1(I,2)-((F1(L.2)+2.0*F2(L,2)+2.0*F3(L,2)+  
1 F 4 (L ,2 ))/6 .0 )
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c
c  CALCULATION OF THE HAMILTONIAN AND OF dH/dX  
C
DO 130 K=l,129
H(K.2)=Z1(K,2)*B1(K,2)*Y1(K,2)-
1 Z1(K,2)*B1(K,2)*Y1(K,2)*Y1(K,2)/
2 B 2(K ,2 )+Z2(K ,2 )*Y 1(K ,2 )% (K ,2 )-
3 Z2(K ,2)*B3(K,2)*Y2(K,2)
C
C dH/dXl=DHl 
C dH/dX2=DH2 
C dH/dX3=DH3 
C
DH1(K,2)=Z1(K,2)*Y1(K,2)*BX11(K,2)-
1 Z1(K.2)*YUK,2)*Y1(K,2)*BX11(K,2)/B2(K,2)+
2 Z l(K .2 )*Y l(K ,2 )^Y l(K ,2 )’^ Bi(K,2)*
3 BX21(K,2)/(B2(K,2)*B2(K,2))+
4 Z2{K,2)*Y1(K,2)*BX31(K,2)-
5 Z2(K,2)*Y2(K,2)*BX41(K,2)
C
DH2(K,2)=Z1(K,2)*Y1(K,2)*BX12(K,2)-
1 Z1(K.2)*Y1(K,2)*Y1(K,2)*BX12(K,2)/B2(K,2)+
2 Z1(K,2)*Y1(K,2)*Y1(K,2)*B1(K,2)*
3 BX22(K,2)/(B2(K,2)*B2(K,2))+
4 Z2(K.2)*Y1(K,2)*BX32(K,2)-
5 Z2(K,2)*Y2(K,2)*BX42(K,2)
C
DH3{K,2)=Z1(K,2)*Y1(K,2)*BX13(K,2)- i
1 Z1(K,2)*Y1(K,2)*Y1(K,2)*BX13(K,2)/B2(K,2)+ !
2 Z1(K,2)*Y1(K,2)*Y1(K,2)*B1(K,2)^ |
3 BX23(K,2)/(B2(K,2)*B2(K,2))+ :
4 Z2(K ,2)*Y1(K,2)*BX33(K,2)- I
5 Z2(K,2)^Y2(K,2)*BX43(K,2) j
C
C STEEPEST ASCENT OF THE HAMILTONIAN I
C IS dH/dX=0 I
C IH12(K,2)=H{K,2)-H(K,1)
DH(K,2)=DH1(K.2)+DH2(K.2)+DH3(K,2)
IF(DABS(DH(K,2)).LE.(ER*ER)) X1(K,1)=X1(K,2)
IF(DABS(DH(K,2)).LE.(ER^ER)) X2(K,1)=X2(K,2)
IF(DABS(DH(K,2)).LE.(ER*ER)) X3(K,1)=X3(K,2)
IF(DABS(DH(K,2)).LE.(ER*ER)) GO TO 130
C
C IS H(K,2).LT.H(K,1)
C IF (H(K,2).LE.H(K,D) X1(K,1)=X1(K,2)
C IF  (H(K,2).LE.H(K,D) X2(K,1)=X2(K,2)
C IF  (H(K,2).LE.H(K,1)) X3(K,1)=X3(K,2)
C IF  (H(K,2).LE.H{K,1)) GO TO 280 
C CORRECTION OF CONTROL VARIABLES 
C
X1(K,1)=X1(K,2)+C0N1*DH1(K,2)
X2(K,1)=X2(K,2)+C0N2*DH2(K,2)
X3(K,1)=X3(K,2)+C0N3*DH3(K,2)
C
C PROJECTION ON THE CONSTRAINTS 
C
IF (X1(K,1).LE.(-L682)) X1(K,1)=X1(K,2)
IF (X1(K,1).GÈ.(L682)) X1(K,1)=X1(K,2)
IF (X2(K,1).LE.(-1.682)) X2(K,1)=X2(K,2)
IF (X2(K,1).GE.(1.682)) X2(K,1)=X2(K,2)
IF (X3(K,1).LE.(-1.682)) X3(K,1)=X3(K,2)
IF (X3(K.1).GE.(1.682)) X3(K,1)=X3(K,2)
130 CONTINUE
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cc END OF ITERATION 
C
K0UNT1=0.0
DO 140 K=l,129
K0UNT1=K0UNT1+X1(K,1)+X2(K,1)+X3(K,1)
140 CONTINUE
SUM1=K0UNT1 
K0UNT2=0.0 
DO 150 K=l,129
K0UNT2=K0UNT2+X1(K, 2)+X2(K, 2)+X3(K, 2)
150 CONTINUE
SUM2=K0UNT2 
WRITE (1,160)
160 FORMAT(/’ M SUMl SUM2V)
WRITE(1,170)M,SUM1,SUM2 
170 F0RMAT(I4,2X,F12.2,2X,F12.2)
WRITE (1,180)M,DH1(1,2),DH2(1,2),DH3(1,2),DH(1,2)
180 F0RMAT(I4,2X,F10.4,2X,F10.4,2X,F10.4,2X,F10.4)
IF (ABS(ABS(SUM1)-ABS(SUM2)).LT.0.0001) GO TO 200  
190 CONTINUE 
C
C TRANSFORM CONTROL VARIABLES INTO REAL UNITS 
C
200 DO 210 K=l,129
T(K,1)=(X1(K,1)*2.0)+25.1 
PH(K ,l)=(X2(K ,l)*0 .30)+5.04  
RPM (K,l)=(X3(K ,l)*30.0)+253.0  
210 CONTINUE 
C
C WRITE DOWN RESULTS 
C
WRITE(6,220)
220 FORMAT(/’PROFILES’/ )
WRITE(6,230)
230 FORMAT(/’NO. TEMP PH RPM DH Z1 Z2 BIOMASS P450’/
1)
WRITE(6,240)(K,T(K,1),PH(K,I),RPM(K,1),DH(K,1),Z1(K,1), Z
12(K,1),Y1(K,1),Y2(K,1),K=1,129)
240 F0RMAT(I3,1X,F4.1,1X,F4.2,1X,F5.1,1X,F7.2,1X,F7.2,1X, F4.2 ,l
1X,F5,2,1X,F8,2)
STOP
END
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APPENDIX 2
Statistical test methods and results
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t - t e s t
The t-te s t is used on the means of small samples fo r one of the following 
hypotheses:
a) The sample has been drawn from  a population of given mean and
unknown standard deviation (which w ill then be estimated from  the 
sample).
b) The two samples have been drawn from  the same parent population.
In the case of this project it  has been assumed that in all cases the
experimental results stem from the same population. The hypotheses therefore  
checks to see i f  they really do come from the same population or i f  there is 
a significant doubt to indicate that they do not come from  the same
population.
The t-s ta tis tic  is calculated as:
where t  = t-s ta tis tic
O' = the estimated parent distribution  
X = sample mean
= parent population mean 
n = sample size
the estimated parent distribution is calculated using the sample standard 
deviation as shown below:
(T = s* n -  1
The t-s ta tis tic  is compared w ith the figure given in the t-d istribution with
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n-1 degrees of freedom. I f  the t-s ta tis tic  is less than the value given in 
the t-d istribution fo r n-1 degrees of freedom then the hypotheses is 
accepted. This is the method used fo r a single set of results.
To compare two sets of results to see i f  they have the same mean the 
t-s ta tis tic  is calculated in the same way but the parent distribution is 
estimated d ifferently. The null hypotheses is that the two samples are from  
the same parent population. The means therefore of the two parent 
populations is therefore the same so that:
H =  0*0
and
X = m  ^ -  m^
where m^  = mean of sample 1 
m  ^ = mean of sample 2
I f  these samples are from  the same parent population then the standard 
deviations of the samples calculated must be:
s =
where n and n are the sizes of the two samples. 1 2
The best estimation of the parent standard deviation can be expressed as:
O' =
2 2 
" i S  + "2 ^ 2  n + - 2
the degrees of freedom are (n  ^ + n  ^ -  2) .
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The t-s ta tis tic  is then evaluated in the same way as above and the same 
comparisons are made. In both cases the analysis can be assumed to be a 
tw o -ta il test as there is no particular direction in which the changes are 
expected to go ie the mean w ill not be expected to be higher or lower. The 
standard two-sample test s till requires the use of the t-s ta tis tic  fo r small 
samples as is the case in this project.
F - te s t
Before the t-te s t can be carried out it  is important to ensure that the 
variance of the two samples is the same as this is one of the crite ria  fo r 
the valid use of the t-te s t.
The F -test checks the significance of the variances of two samples under 
investigation. The F -s tatis tic  is calculated as shown below:
''2
f  = A
?2
this calculated value is compared to the F-distribution fo r v^  = n  ^ -  1 and 
v  ^ = n^ -  1 degrees of freedom. I f  the F -statis tic  is greater than the value 
given in the F-distribution then the Null hypotheses is rejected. I f  the 
F -test fa ils  then the t-te s t is no longer valid and cannot be carried out.
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APPENDIX 2*1
COMPARISON OF SET-POINT 
AND TIME-PROFILED 
DATA 
FIRST DATA SET
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c o m p a r i s o n  o f  t i m e  p r o f i l e  and s e t - p o i n t  c o n t r o l  
t i m e  p r o f i l e  s e t  p o i n t
Cyt  p - 4 5 0 y e a s t  b i o c y t  p - 4 5 0 y e a s t  b i o
nmo1 / 1 g d r y w t / 1 nmo1/ 1 g d r y w t / 1
1 3 6 5 . 0 0 1 1 . 1 8 8 0 6 . 2 0 9.  98
1 5 5 1 . 0 0 1 1 . 3 5 1 3 3 9 . 6 5 1 0 . 0 6
1 4 0 4 . 9 0 10 .  84 1 2 0 3 . 3 0 10 . 84
1 4 1 9 . 0 0 1 1 . 0 9 1 5 5 7 . 2 0 11 . 70
1 2 4 6 . 2 0 1 0 . 6 6 1 3 8 4 . 5 0 1 1 .  20
1 5 0 5 . 0 0 1 0 . 8 4 1 3 0 5 . 6 0 1 1 . 0 1
1 4 1 5 . 1 8 1 0 . 9 9 1 2 6 6 . 0 8 10.  80 a v e r a g e
1 0 7 . 4 3 0 . 26 2 5 3 . 4 5 0 . 67 s t d e v
11 5 4 1 . 4 5 0 . 07 64 23 5 . 8  9 0 . 4 5 v a r  i ance
F s t a t  = 7 . 1 5 f o r  5 d e g r e e s  o f  f r e e d o m and
p - 4  50 
b i omass
T St  a t  =
x b a r
8
8 i gma 
t  v a l u e
5 . 57 
6 . 7 8
4 , 0 3  f o r  5 d e g r e e s  o f  f r e e d o m  and 1 . 9 9 5
p - 4 5 0  b i omass
- 1 4 9 . 1 1  - 0 . 1 9
7 . 7 6  0 . 3 9
8 . 5 0  0 . 4 3
4 2 . 9 9  1 . 1 1
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COMPARISON OF SET-POINT 
AND TIME-PROFILED  
DATA 
SECOND DATA SET
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compar i son of  t i m e  ]p r o f i l e  and s e t - p o i n t  c o n t r o 1
t ime p r o f  i 1 e se t  p o i n t
Cyt  p - 4 5 0 y e a s t  Id i o e y t p - 4 5 0 y e a s t  b i o
nmo1 / 1 g d r y w t / 1 nmo1/1 g d r y w t / 1
5 1 1 . 5 0 8 . 0 0 5 0 7 . 6 0 8 . 0 8
520 . 80 8 . 0 0 650 . 00 8 . 6 0
5 6 1 . 3 5 9 . 3 7 5 9 5 . 0 0 8 . 60
5 2 6 . 3 5 7 . 50 4 5 4 . 4 0 7 . 7 4
600 . 00 8 . 2 6 6 6 7 . 0 0 9 . 8 9
4 9 2 . 0 0 7 . 57 4 8 4 . 0 0 7 . 5 7
535 . 33 8 . 12 559 . 67 8 , 4 1  a v e r a g e
38 . 98 0 . 68 89 . 94 0 . 8 4  s t de V
1 5 1 9 . 2 7 0 . 4 6 8 0 8 9 . 2 9 0 . 7 1  v a r i a n c e
F s t a t = 7 . 15 f o r  5 d e g r e e s of  f r e e d o m and
p - 4  50 5 . 3 2
biomass 1 . 53
T s t a t  = 4 . 03 f o r  5 d e g r e e s of  f r e e do m and
p - 4 5 0 b i omas s
xbar 24 . 33 0 . 3 0
s 4 . 64 0 . 5 0
s i gma 5 . 0  8 0 . 5 5
t  v a l u e 1 1 . 7 4 1 . 3 2
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COMPARISON OF WASHED 
AND UNWASHED YEAST SAMPLES
315
Cy t ochrome P - 4 5 0  i n s amp 1 es
Li nwashed l Washed Unwashed2
1 . 0 0 1 5 2 3 . 1 0 1 4 3 2 . 6 0 1 5 2 0 . 5 0
2 . 00 1 2 5 8 . 3 0 1029 . 10 1 2 6 0 . 0 0
3 . 00 1 4 5 6 , 5 0 1 3 5 6 . 6 0 1 4 5 0 . 3 0
4 . 00 1 4 8 2 . 2 0 1298 . 40 1 4 7 9 . 2 0
5 . 0 0 6 5 4 .  10 57 8 . 4  0 6 5 5 . 5 0
6 . 0 0 756 . 00 5 9 7 . 6 0 7 5 6 . 3 0
7 . 00 6 8 5 . 4 0 4 7 8 . 2 0 6 8 2 . 7 0
8 . 0 0 7 2 4 . 4 0 4 8 0 . 2 0 7 2 2 . 1 0
9 . 00 1242 . 00 1 0 4 5 . 2 0 1 2 4 5 . 9 0
1 0 . 0 0 1 3 0 1 . 6 0 1 2 7 7 . 7 0 1308 . 00
1 1 . 0 0 1 4 0 0 . 8 0 12 5 8 . 7 0 13 98 . 00
12 . 00 1 3 5 8 . 7 0 1 1 4 8 . 9 0 1 3 5 6 . 8 0
1 3 . 0 0 1 2 5 4 . 6 0 1 1 4 5 . 1 0 1 2 5 5 . 9 0
1 4 . 0 0 1423 . 70 1 2 5 0 . 1 0 1 4 2 3 . 8 0
15.  00 1 2 3 5 . 4 0 9 8 4 . 5 0 1 2 3 3 . 8 0
16 . 00 1 3 9 1 . 6 0 1 1 2 0 , 8 0 1 3 8 5 . 0 0
S t a t s  r e q u i r e d  f o r  f  and t t e s t s
unwashed 1 washed unwashed 2
a v e r a g e  1.196.78 .1030.13  1 1 9 5 . 8 6
s t d e v  3 0 6 . 3 5  3 2 0 . 2 6  3 0 5 . 7 4
v a r i a n c e  9 3 8 5 2 . 4 0  1025 6 6 . 8 8  9 3 4 7 5 . 1 0
F s t a t  = 1 . 9 7  f o r  15 d e g r e e s  o f  f r e e d o m and f . 9 7 5
unwashed 1 washed unwashed 2 
unwashed 1 xxx  1 , 0 9  1 . 0 0
washed 1 xxx  xxx 1 . 1 0
unwashed 2 xxx  xxx xxx
T s t a t  =
x b a r
s
s igma 
t  v a l u e
2 . 9 4  f o r  15 d e g r e e s  o f  f r e e d o m  and t . 9 9 5  
u n i  & was un2 & was u n i  & un2
166 . 64 
1 1 0 . 8 0  
8 3 . 7 6  
7 . 96
1 6 5 . 7 3  
110 . 69  
83 . 67 
7 . 9 2
0 . 9 1  
108 . 20 
8 1 . 7 9  
0 . 0 4
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CARBON MONOXIDE BUBBLE RATE 
OPTIMISATION
316
C y lochI orne P45Ü reading11 u bb 1 e Ini liai Second Third
Ra I e Scan S c a n Scan( Hubl) 1 es/m i n ) ( nino 1/1) ( nmii 1/1) (nm o 1/1)15.00 015.2 0 721.40 842 . 2015.00 63 5.20 7 30.40 852.20
1 5.00 055.2 0 7 51.40 80 2 . 2 0
3 0. 00 752.10 87 0,30 03 I .0030.00 7 12.10 84 0 .30 011.00
30.00 7 3 2.10 855.30 02 1.004 5.00 80 5.4 0 04 7.00 000.704 5.00 8 4 5.40 0 32.00 050.7 0
45.00 825.40 017.60 04 0.7 000 . 00 032.30 040 . 80 000.5060.00 052.30 004.80 07 6.5060.00 07 2.3 0 07 0.80 080.5075.00 1004.20 100 4.20 1004.20
75 . 00 004.20 064 . 2 0 004.207 5.00 084.20 084 . 20 084 . 20
3 1 6 a
slals rcMU i red Tor !' and 1 lesls
average s tdev variance
15.00 
035.20
2 0 . 00
4 00.00
30 . 00 
732.10 
20 . 00  4 00.00
initial scan45.00 GO.00 75.00
H45.40 052.30 084.20
2 0 . 0 0  2 0 . 0 0  2 0 . 0 0400.00 400.00 400.00
f  s l a t  = 15.44 f o r  3 d e g r e e s  o f f r e e d o m  a n d  f , , 07515.00 30.00 45.00 60.00 75.00
15.00 X X X 1.00 1.00 1.00 1.00
3 0.00 X X X xx-x 1 .00 1.00 1.00
45 .00 X X X X X X X X X 1.00 I.0000.00 X X X XXX X X X X X X 1.0090,00 X X X X X X X X X X X X
I  s I a I -  
xbar
s  I gill a t value
xbar
s igma 
t value
5.84 
15&30 0G.90 
3.6 5 4 .47 37 .53
30&G0 
2 2 0 . 2 0  3.G5 4 .47 85 . 28
Tor 3 degrees of freedom and 1.995
1 S&4 5 210.20 3.05 
4.47 81.41
30&7 5 252.10 3. US 
4 .47 07 . 04
154(00317.103.654.47 122.81
4 5&G0 100.00 3 .054.47 
41 .40
154(7 5 340.00 
3.654.47 135.17
4 54(75 138.80 3.054.47 53.76
304(4 5 
113.30 
3.654.47 43. 88
004(7 5 31. 00 3.Ç54.47 
12.35
slats required for f and I tests
average stdev 
variance
15.00 
736.4015.00
225.00
30.00 
855.30
15.00
225.00
initial scan45.00 60.00 75.00032.60 964.80 984.2015.00 15.00 20.00
225.00 225.00 400.00
f s I a I = 15.44 for 3 degrees of freedom and f .07 515,00 30.00 45.00 60.00 75.00
15.00 X X X 1.00 1.00 1.00 1 .00
30.00 X X X X X X I.00 1.00 1.78
45.00 X X X X X X X X X 1.00 1.00
60.00 X X X X X X X X X X X X 1.7890.00 X X X X X X X X X X X X X X X
t 5 la I = 
xbar
s 1 giiia 
t value
xbar
sigma t value
5.84 154(3 0 
0 6 . 0 0  3.654.47 37 . 53
304(00 
2 2 0 . 2 0  3 . 65
4.47 85 . 28
for 3 degrees of freedom and 1.9051S&45 15&60 15&75 3064 5210.20 317.10 349.00 113.303.65 3.65 3.65 3.654.47 4 .47 4.47 4.4781.41 122.81 135.17 43.88
30&75 4 54(60 45675 60675252.10 106.00 138.80 31.003.65 3.65 3.65 3.654.47 4.47 4.47 4.4707.64 41.40 53.76 12.35
slats required for f and1 I tests initial scan15.00 30.00 45. 00 60.00 75.00average 736.40 855.30 932.60 064.80 984.20s tdev 1 5.00 15.00 15.00 15.00 20.00variance 225.00 225.00 225.00 225.00 400.00
f slat = 15.44 for 3 degrees of freedom and f .07515.00 30.00 45.00 60.00 75.00•15. 00 X X X 1.00 1.00 1.00 1.0030.00 X X X xxX 1.00 I.00 1.784 5.00 X X X X X X X X X 1.00 i.’oo60.00 X X X X X X , X X X X X X 1.7890.00 X X X X X X X X X X X X X X X
t slal = 5 . 84 for 3 degrees of freedom and t. 0951563 0 1 564 5 15660 15675 3064 5xbar 118.90 106.20 228’.40 247.80 77.30s 3. 16 3.16 3.16 3.42 3.16s i gma 3.87 3.87 3.87 4.18 3.87
APPENDIX 2*5  
ORIGINAL EXPERIMENTAL DATA
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SET POINT Da t a SET POINT OATSET POINT DATA
Experimen t B i oiiia s s P-450 P-4 50 Batch Time, inNuiube r Peak P e a k Peak N uni be r Autoclaveg wet wI , n m o 1/g n m o 1/I of yeast at 15pu t1 i I I' X w i: I w 1 ex 1 )• a <! I YE/Pepl/SalI3 . 00 60 . 00 12 . 50 7 50.00 226 12359 72.004 , 00 51 .50 1 :>. C.O 8 03.40 226 12359 86.005.00 47 . 00 10.80 507.60 291 12576 65. 008.00 • 55 . 00 15.20 83 6.00 291 12576 88 . 009.00 50 . 00 13.00 650.0 0 291 12576 74.0010.00 50 . 00 11,40 570.00 291 12 576 63.0011.00 50 .00 1 1 . 00 505.00 291 12576 65.0012.00 4 5.00 10,10 4 54 . 50 291 12570 55,0013 .00 40.00 10.50 4 2 0.00 29 1 12576 61 .0017.00 4 4 .00 11.00 484.00 291 12576 60 . 0020 .00 57 .50 11.60 66 7.00 291 1 2576 70.0031 .00 42.50 11 . 00 4 67.50 085 13423 52 .0037 .00 59 . 50 11.20 666 .40 085 13423 60.003 8.00 53 . 00 17.10 906.30 085 13423 83.0039.00 57 . 50 10 . 60 609.50 085 13423 51 .0041.00 55.50 G.80 .77 7 . 40 216 11369 75.0042 . 00 52.50 7.30 383.25 216 11369 85.0044 . 00 58.00 3 . 50 203.00 210 11369 35.0045.00 58. 00 7.70 446.60 216 11369 89.0046.00 50.00 7 .80 3 90.0 0 216 11369 85 .0047.00 58.00 13.90 806.20 301 688A 50.0048.00 58 . 50 22 . 90 1339.65 301 6B8A 82.0049.00 63.00 19.10 1203.30 301 688A 72.0050.00 68.00 22 . 90 1557.20 301 688A 81.0051. 00 65. 00 21.30 1384.50 301 688A 81.00
Sum 1349.00 316.70 17478.30 1740.00Standard Dev, 6.90 4.85 339.43 14 .01Mean 53.96 12.67 699.13 69 . 60
SET POINT DATA
Percentage of maximum Cytochrome P-450 80, 13%100.00%71 .05% 
1 0 0 . 0 0 % 85.53% 75.00% 78.29% 
66.45% 69.08% 72.37% 76.32% 64.33% 65.50% 100 . 00%61.99%
87.18%03.59%
44.87% 98.72% 
1 0 0 . 00% 60.70% 100. 00% 83.41% 100. 00% 
93.01%
2027.50%15.54%
81.10%
Percentage of maximum yeas t b i omas s 
1 0 0 . 00% 85.83% 
81.74% 95.65% 
86.96% 86.96% 
86.96% 78.26% 69.57% 76.52% 1 00 . 00% 71.43% 10 0 . 00% 89.08% 86.64% 
85.69% 90.52% 
1 0 0 . 00% 
10 0 . 00% 86. 21% 85.28% 86.03% 
92,65% 
10 0 . 00% 
95.59%
2237.56%8.92%8 9.50%
TIME PROFILE DATA TIME PROFILE DATA TIME PROFILE DATA
Exper imen t Biomass P-450 P-450Number Peak Peak Peakg wet w t/ 
litre
n m o 1/g 
wet wt nmoI/1
7.00 50 . 00 10.30 513.008 .00 45.00 10.80 4 86.0014 .00 45.00 9.00 405.0015.00 46.50 11 . 00 511.5016.00 51 . 00 7 . 30 372.3019 . 00 46 . 50 11.20 520 . 8021.00 54 . 50 10.30 561.3522 .00 43 . 50 12.10 526.35
23.00 48.00 12 . 50 60 0.0024 .00 44 . 00 1 1 .20 4 92.80
25.00 47 . 50 4.40 209.00
26.00 50 . 50 4.20 212.1027.00 42.00 4.80 201,6028.00 40.00 7.00 280.0029 . 00 37 . 50 5,10 191.25
30.00 43 .00 11. 00 473.0040.00 55.00 7 . 00 385.00
'43.00 53 . 50 6.70 358.45'52. 00 65 . 00 21 . 00 1365.0053.00 66.00 23 . 50 1551.00■’54 .00 63 .00 22.30 1404.90‘•55 . 00 64 . 50 22. 00 1419.0056.00 62.00 20. 10 1246.2057.00 63 .00 23 . 90 1505.70
734 .50 142.20 6 5 5 8.05
Standard Dev. 4 . 22 2.85 139.63
TMean 45. 91 8.89 409.88
Batch 
Number of yeast 
ex tract
226 12359 
226 12359 291 12576 291 12576 
291 12576 
291 12576 
291 12576 
291 12576
291 12576 
291 1257 6 085 13423 
085 13423 
085 13423 
085 13423 085 13423 085 13423 216 11369 216 11369 301 688A 301 688A 301 688A 301 688A 301 688A 
301 688A
Time in Autoclave 
at ISpsi 
YE/Pept/Sait
81 .00 82.00 60. 00 
6 6 . 0 055.00
76.00
73.00 
89,0.0
81 .00
76.00 
45 .0049.00
39.0058.00
42.0070.00
78.0077.0079.0080.0084.0070.00 83 . 0088.00
1041.00 
15 . 29 
65.06
Percentage of maximum Cytochrome 
P-450
95,37%LOO.00%
70.31%85.84%57.03%87.50%
80.47%94.53%
97.66%
87.50%
40.00%38.18%
43,64%
63.64%46.36%100. 00%)100. 00%-
95,71%87.87%98.33%
03.31%92.05%
84.10%100. 00%
1168.13%22.18%74.26%
Percentage of maximum 
yeast bi omass
1 0 0 . 00%90.00%82.57%85.32%93.58%
65.32%
1 0 0 . 00%n .m L
88.07% 
80.73% 94.06% 
1 0 0.00% 83.17% 79.21% 
74.26% 85.15% 100.00% 97.27% 98.48% 100. 00% 95.4 5% 97.73% 
03.94% 95.45%
1401.25%
7.76%87.58%
Filtered expts
ExperimentNumber
,201.00
2 0 2 . 0 0203.00
Bi omas s Peak E wet w 1/ litre
61.0059.0058.00
P-450 Peak nmol/g 
wet wt
22.10 
19.20 
2 0 . 1 0
P-450 
Peak n m o 1/1
1348.10
1132.801165.80
Bat ch Number 
of yeast extract
70617.00 70617 .0070817.00
Time in Autoclave at 15psi YE/Pept/Salt
0 . 00
0 . 0 0
0 . 0 0
Percentage of maximum Cytochrome 
P-450
1 0 0 . 00% ‘ 
8 6 . 88% 90.95%
Percentage 
of maximum yeast biomass
100. 00%96.72%05.08%
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Appendix 3
Ziegler Nichols Method
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There are two ways of carrying out the Ziegler-Nichols method of analysis to 
determine the values fo r the PID control parameters. In both cases the 
control system requires a known step change in the measured parameter and 
its measured response. The results are then plotted on a graph and the 
following measurements are made depending upon the method used.
Method 1
This method is the least accurate and reproducible of the two methods. The 
difference in the original input level and the new input level is measured 
on the graph, shown as d on the diagram. A sim ilar measurement can be made 
fo r the output level on the graph shown as A on the diagram. The ratio  of 
A/d is known as the process gain
The maximum slope (S) of the ascending curve on the output is measured by 
eye and is used to determine ( t ) from  A/S which is the time constant.
The process dead time (9) is measured by eye and is taken from  the point at 
which the step change was made in the input level to the time the output 
level starts to change.
Method 2
This method is more accurate and reproducible than method 1. The difference
in the original input level and the new input level is measured on the
graph, shown as d on the diagram. A sim ilar measurement can be made fo r the
output level on the graph shown as A on the diagram. The ratio  of A/d is
known as the process gain (K ). This is the same as method 1,p
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The two times at which the output level reaches 0*28A and 0-63A are found
from  the graphical output. The times are then used to determine the time
constant ( t ) using the formula:
T  = l *5( t  -  t  )2 1
The process dead time (0) is measured by using the following formula:
0 = t - T 2
Once the constants have been evaluated fo r each of the control parameters it  
is possible to evaluate the controller gain, integral time and the 
derivative time constants fo r the PID control system using the following 
formulae:
1 * 2 *  ( t )Controller gain =
p
Integral Time = 2 - 0 * 0
Derivative Time = 0 - 5 * 0
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APPENDIX 4 
Mathematical Derivations
323
APPENDIX 4-1
Manipulation of Equations fo r SET-POINT results analysis.
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A m atrix  of these coefficients can be established and is termed the 
X -m atrix . The least squares estimates of b^  of the are chosen so as to
minimise the sum of the squares of the deviations, such that the value shown 
below is a minimum:
2
 -  I - -A4-1V . n ]
N= 1
The values of b^  which minimise this expression satisfy the following 
normal equations:
b (00)+b (01) + b (02)+ + b (iN)=OY0  1 2  1
b (10)+b (11) + b (12)+ + b (iN )= lY0 1 2  1
b (20)+b (21) + b (22)+ + b (iN)=2Y0 1 2  I
b ^ ( i 0 ) +b j i l )  + b^(i2)+...................+ b^(lN )= iY ....A 4-2
M
where ( ij)= (ji)=  ^X^^ X^  ^ = sum of products of the and
N= 1 CO 1 umns in X.
M
(ii)=  ^  [^ in]  ~ sum of squares of the i^  ^ column in X
N = 1
M
(iY)= ^  X^^  Y^ = sum of products of i^  ^ column in X w ith
N = i  column Y
The variables in the X -m atrix  are arranged so that they are orthogonal to 
each other, ie the sum of the products of any two columns in the X -m atrix  is 
zero and the sum of squares is equal to the number of treatments. This is
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standard with the factoria l design method. The m atrix  of the normal 
equations reduces, therefore, to a diagonal m atrix. The column m atrix  (iY) 
is given by the main total effects . A main total e ffec t is defined as a 
main effect before being divided by the number of experiments to give its 
average value, which becomes the main effect.
Having established these matrices it  is necessary to find the inverse of the 
m atrix  (ij) . The inverse m atrix  of the normal equations is also a diagonal 
m atrix The regression coefficients b^  of the linear equation are are
obtained using the formula:
N
b = T  (D^j) ( j Y ) .................................... A4 *3
J=o
which is the sum of the products of the i^ *' column of w ith the column
(jY ).
Analysis of the linear response surface was carried out by Salihon (1984) 
based on the method of Cochran and Cox (1957). Salihon used several c rite ria  
to determine the position of the experimental data on the linear response 
surface.
1) The combination of the variables used could fa ll on a plateau 
containing the cytochrome P-450 yield optimum provided that the 
following conditions were fu lfilled :
a) The linear equation fits  the data satisfactorily, such 
that the mean square of the deviations is not significant,
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and
b) all the coefficients of the main effects are small 
compared to the coefficients of the main effects in the 
linear equation(s) describing the multi-dimensional response 
surface about the previous centre point(s).
2) I f  the linear equation fits  the data satisfactorily (see (a) above)
but the coefficients of the main effect are large, then this shows
that the surf ace is not curved but it is steep, indicating that the 
area containing the optimum may be fa r  away from  the present position 
and the method of steepest ascent should be used to find the optimum.
3) I f  the mean square deviation of the linear equation is significant,
it shows that the area is in the region where the curvature of the
surface must be taken into account.. I f  this is the case then there 
are two possibilities;
a) I f  the coefficients of the main e ffect are small then the 
optimum may be contained in that area.
b) I f  the coefficients of the main e ffect are large the 
optimum may be contained in that area, but the curvature of 
the surface in this case may also be caused by the 
difference between the lower and the upper levels of one or 
more of the variables being too great, in which case the 
optimum may not be contained in the area.
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In the analysis of the experiments in the 51 ferm enter Salihon (1984) found 
that it  was necessary to carry out the method of steepest ascent on the 
parameters, because the linear equations fitte d  the data well but the 
coefficients of the main e ffect were large, as detailed in criterion (2) 
above.
The method of steepest ascent is used to determine a new set of optimum 
settings over which another series of facto ria l experiments can be
undertaken to give the fina l optimised control settings.
The new position P, fo r the s tart of the next stage of the optimisation, is
given by the coordinates (X^,X^...................X )^ so that the response 0(X^,X^,. .
. .,X^) is maximised. The change in <l> is dependent upon the size of the step
(jump distance, J) from  the origin to P. The "jump distance" is defined as:
X ^  )  A4'4
For a given value of J the value of X^  that maximises <p is given by:
Ë , ......................................................A4-5
which is the partial derivative of <p w ith respect to X ,^ taken at point P.
jLi is a m ultiplier that is calculated so that equation A4-4 can be satisfied, 
fi is calculated from the equation:
328
.A4 *6
d0
dx I
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APPENDIX 4 -2  
Transformation of equations into the canonical form
330
Himmelblau (1970) Indicated that the fu ll form  of the equation should be 
expressed bef ore the transf ormation to the canonical equation could be 
carried out. In equation A4 *2 term  b^  had been used to indicate the 
regression coefficient. These coefficients however contained both the terms 
b j^ and b^ .^ To overcome any ambiguity Himmelblau (1970) suggested that each 
pair of coefficients could be replaced by their mean (b^ +^b^ )^ /  2. I f  this 
is done the equation becomes:
Y = b +  b X  + b X + b X  + b X  + b X  + b X +N O  1 IN 2 2N 3 3N 4 4N 5 5N 6 6N
% >^z/3N '  ¥  =^ 3N^ ZN + ^  ^  +
¥  >^ sA n "  ¥  =^ bA n ...........................................................
This example can be simplified in its notation i f  i t  is w ritten  as a m atrix
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1 —N
IN
2N
X3N
X4N
5N
X6N
and =
XU —N
’4 '
. A4
b b b b b b11 12 13 14 15 16
2 2 2 2 2
b b b b b b12 22 23 24 25 26
2 2 2 2 2 2
b b b b b b13 23 33 34 35 36
2 2 2 2 2 2
b b b b b b14 24 34 44 45 46
2 2 2 2 2 2
b b b b b b15 25 35 45 55 56
2 2 2 2 2 2
b b b b b b16 26 36 46 56 66
2 2 2 2 2 2
The centre of the new system in the experimental space is located at the 
maximum of the old system. The point of this maximum is found by setting the 
partia l derivative of the response function , w ith respect to X ,^ to zero. A 
fu rther check was made on the the position of the maximum w ith the second 
derivative. The simultaneous equations of the f irs t  derivative are solved
fo r the coordinates of the maximum point.
Himmelblau, (1970) stated that in order fo r the surface to have a centre the
determinant of the m atrix  must not be equal to zero. The partia l
derivatives of equation A4 *7 are :
—  = b + 2b X + 2 ^  —   ^ = 0
ax ‘ * A  2
1*1
.A4-9
KJ
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Again this can be expressed in matrix notation:
B ‘ + 2B X = 0
I  11“
.A4-10
Equation A4 ' 10 was solved by Himmelblau (1970) giving the set of X  ^ at the 
maximum point as:
.A4 *11
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Appendix 4*3
Continuous Maximum Principle
Mathematical derivation
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The general form of the performance equation fo r a process is:
dv_l
d t
=  f , f v ( t ) , v  ( t )  V (t);0  (t),0  ( t ) ...... 0 ( t ) | t  rst^t . . .A4*9a
11  ^ 1 2 m 1 2 n J O  f
where v^(t^) = a and i= l,2 ,3 ....m
or the vector form can be expressed as:
dv = f
.dt.
v(t); 0 ( t ) L  v(t  ) = a .......................................................A4• 10a
where v(t) is a m-dimensional vector function representing the state of the 
process at time t.
0(t)  is a n-dimensional vector function representing the decision at 
time t.
I f  the process was a batch fermentation the optimisation problem is to find  
a continuous decision vector 0 (t), subject to some constraints, which makes 
a function of the final values of the state variables, namely the objective 
function (A4* 11a), a maximum when the in itia l conditions v^(t^) = are 
given.
m
M
1 = 1
A4* 11a
where c^  = constant
. t hv^(t^) = in itia l conditions of the i variable
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During the optimisation process the time interval is fixed and the in itia l 
variables are known. This, according to Fan (1966), gives rise to two 
possible methods of solving the optimisation problem. The method of solution 
depends upon the final conditions required. One way of describing the system 
is as a fixed-right-end problem in which the fina l conditions are specified 
at the s tart of the optimisation. The other way of describing the problem is 
as a free-righ t-end  problem, in this instance the problem has no defined 
fina l conditions. In terms of the optimisation of cytochrome P-450 the 
system is a free-righ t-end  problem as the fina l amounts of cytochrome P-450 
and biomass are not known. The interval of the fermentation is specified so 
the total length of the fermentation is known at the s ta rt of the project.
Fan (1966) describes the method of solving the problem. A m-dimensional 
adjoint vector z (t) and a Hamiltonian function H is introduced satisfying 
the following relationships.
"I z (t), v(t),  0(t)
m
= ^  Zj f j |  v(t); 0 (t) j .A4-12
i = 1
dz
dt
= -  V z  5
av^ Z L  ^J = i
where i = 1,2 m A4-13
where i = 1,2 m A4-14
these equations are in accordance w ith  the theorem from  Fan (1966) "...in  
order that the scalar function M given in equation A4* 11a may be a maximum 
fo r a process described by equation A4*9a , w ith  the in itia l conditions at
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t= t, v(tg) = cc given, it is necessary that there exist a non-zero continuous 
vector function z (t) satisfying equations A4 *13 and A4 *14 and that the 
vector function 0(t) be so chosen that H j" z{t), v (t), 0(t)  j is a maximum 
fo r every t, t^< t  < t^ . Furthermore the maximum value of H is a constant 
fo r every t".
The optimal decision vector function 0 (t) which makes M an extremum is the 
decision vector 0(t) which renders the Hamiltonian function H a maximum fo r 
every t, t^ < t  < t^ . This proof is given in more detail below:
I f  0(t)  is the optimal decision vector function and v (t) is the 
corresponding optimal state vector function, then
= f | v ( t )  , 0 ( t ) | .............................................................................A4-15
d t
j^v(t) (t ) j
I f  the decision vector is perturbed a rb itra rily  but slightly from  the 
optimal value at every point of the process the following equation can be 
derived:
0 (t,c ) = 0(t)  + Gi/f(t) + p (e ^ ) .................................................................. A4* 16
from this perturbation the state vector function becomes:
v ( t , e )  =  v ( t )  +  G g ( t )  + q ( G ^ ) .........................  A4* 17
where i//(t) and g(t) are bounded vector functions of t  w ith the same 
dimensions and order of magnitude as 0 (t) and v (t) respectively.
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p(e^) and q(e^) are the terms of and those of higher orders.
I f  equations A 4*9a, A4* 15, A4*17 are combined the following equation can be
obtained.
d_v(t,c) ^ ^ v ( t )   ^ ^d_g(t) ^
dt dt dt
.A4-18
The above equation can be rearranged to give:
^d_g(t)
dt
^ v ( t ,e )  _ ^ v ( t )  
dt dt
- q(e ) A4-19
This is the same as:
dt
f^(v,0) -  f^(v,0) q(c r .....................................A 4-20
The bracketed quantity in equation A4 *20 can be expanded in a Taylor series 
around v(t) and 0 (t). For a function f(v,u) where v » d and u » e the 
expansion looks like:
f(v ,u ) = f(d ,e) + [v-d] + — [u-e]  +
av au
1 J Ë_^ (d,e)  ^ 2^ f(d,e) a_f(d,e)
2!I av^  av au
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This can be shortened i f  only the f irs t  derivative terms are taken so the 
expansion becomes:
f(v,u) = f(d ,e) [u-e]
5v 5u
Therefore fo r equation A4 *20 an expansion appears as:
f.(v.ê) +
canceling the f^(v,0) terms this simplifies to:
fj(v ,e ) -  f.{v ,0 ) .A4-21
Expressing equation A4 *21 in the form  of equation A4* 9a the expansion 
becomes:
fj(v ,0 ) -
m
f/v,5) j = ^ eg^ y*''*’'’®’---- A4-
J = 1 ^
22
Thus equation A4-20 becomes:
j : .  J '
A4 *23
Introducing the m-dimensional adjoint vector z (t)  the le ft hand side of 
equation A4 *23 becomes:
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-  ;
1 = 1
dg, dz,
cz.  + ) e g ----- A4-24
dt dt
I =  1 1 =  1
rearranging and substituting equation A4-13 into equation A4-24:
dt
I = 1
1 " ,  *  I " . ^ J=i J=i1 =  1
-  q (c ')
Gg. 9H 1 . “ Sv J .A4*25
1 =  1
Taking equation A4» 13, expanding it  w ith a Taylor series and grouping all 
terms a fte r the f irs t  order term  as q(e^):
m
—  = }  Zj — - (v,0) + q(e^)  A4 *26
j = i
Substituting equation A4-26 into equation A4 *25:
1 = 1 1 = 1
- m n
I - . ,
- j = l   ^ j= l  ^
m mV V
I ' " '' L— I i
1 = 1  J = I
(v,0) + q(e ) .A4*27
340
Since i and j both go from i to m equation A4 *27 can be simplified by 
removing the common term shown below from the right hand side of the 
equation.
eg > z  ----- (v,0)
 ^ 9v 
1 = 1  J = 1
this leaves equation A4-27 as:
dt
cgz^ =
1 =  1 i = 1 ■Tïi '
A4-28
where q(e^) is a small term containing all other q(e^) terms.
Integrating the linear terms between t^ and t^ equation A4*28 becomes:
,f m
1 =1  ^ 1=1 j = 1
Z v * .  V f '"  - q(e^) dt . . .  .A4-29
this gives:
I =1
pi p in n
o ' ]=I È e)1 = 1J = 1 dt A4-30
The q(e ) disappears as it is present in both the t^ and t^ terms. As 
already stated the in itia l conditions are given and are fixed this implies 
that the value of g^(t^) is ZERO, this comes from  the definition that the 
value is fixed and there can be NO perturbation of a fixed variable.
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Substituting equation A4 *14 into equation A4 *30 w ith g^(t^) = 0 equation
A4 *31 becomes:
1 =  1
E I" 0)1 =1J=1 d t ....................................A4-31
substituting equation A4-26 into equation A4 *31 gives:
I
1 = 1 j= i
A4-32
The quantity on the le ft hand side of this equation is a variation of the 
objective function M given in equation A4 - 11a . The objective function must 
be, by definition, zero along the optimal tra jecto ry  fo r free  or 
unconstrained variations and negative fo r variations at the boundary fo r the 
constraints. Therefore:
I .A4-33
1 =1
For this equation to hold true it  is possible to make a few  deductions. For 
an arb itrary  value of ei//^  the necessary conditions to uphold equation A4 *33
are:
9HQ = 0 at 0 j(t) = 0 j(t) fo r j= l ,2  n A4-34
This occurs when 0 lies in the interior of the region 0 (t) ie not h itting a 
constraint and the value of M is a maximum.
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When H is at a maximum and 0^(t) lies at a boundary of the constraints, the 
following equation must hold true:
0j(t) = 0 j(t) fo r j= l ,2 ,.......n when 0 ^ t  ^ t^ .A4*35
The equations formulated here are solved numerically. See chapter 5.
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APPENDIX 5
Calculation of death time 
during heat sterilisation
344
Standard techniques exist to evaluate the required sterilisation time to 
ensure that the medium is sterilised. The heat sterilisation  
characteristics of a medium can be identified in terms of the Thermal Death 
Time (TDT). This is defined as the time required to k ill "all" 
microorganisms on a sample at a specified temperature, in this case 121 “C.
This can be related to a log-linear plot of TDT versus temperature.
lOF
TDT
F
T 121
Tem peratu re  °C 
where: T= Actual Temperature of media
z= Temperature difference between actual & 121° C 
F= Fractional death time at 121 °C 
10F= Fractional death time a temperature T
The line can be expressed as:
In(lOF) =  I n ( l O F )  -  l n ( F )  .  ^- z
Assuming that the actual sterilisation temperature is 10 °C below the 
expected sterilisation temperature, then Z=10- 0, thus:
In(lOF) = -111-0 *ln (10)/10 -0  + constant
345
=> In(TDT) = -0 -2 3 0 3 T  + InF + ll- l* ln lO  + InlO
=> In(TDT) = ln(F) + 27*8613 -  0 *2303*T
since fractional sterilisation rate  is the inverse of thermal death rate
=> FSR = exp ( 0 *2303*T  -  ln(F) -  27*8613)
Relating the fractional sterilisation rate to time gives an indication of 
how much time would be required fo r complete sterilisationof the medium in 
the autoclave.
The total required can be evaluated using the Euler integration method once 
the tim e/tem perature data from  the autoclve has been fitte d  to a polynomial 
equation.
From work carried out during supervised undergraduate practicals and 
fu rth er studies in this project it  was found that the time required fo r  
to ta l sterilisation once the temperature inside the medium is above 100*0°C  
is 33*4 minutes assuming a thermal death time of 5 minutes at 121 °C.
On further invesigation the therm al death rate  at 111°C was found to be 
16*8 minutes. Ie the medium would be adequately sterilised a fte r a period 
of 90 minutes in the autoclave so long as the temperature inside the medium 
was above i l l 'C  fo r greater than 16*8 minutes. A computer program and the 
results from one of these experiments is shown below:
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TO RUN PROORAMMF TYPE THE FOI. LOWING
FTN77 Bin. PROG -DREAI. -LOO NAO>VNAOII
DIMENSION X ( 1 0 )  » Y ( 1 1  > t A(  J.0) f T F (  10)
INTEGER MlrN
ENTER TEMPERATURE OF Bini .nGIOAI .  FI .UITi  
T F ( 1 ) = 1 0 R . 4  
T F ( ? ) = 1 . 1 2 .  A 
T E ( 3 ) = 1 1 G . 8 
T E ( 4 5 = 1 1 7 . 7  
T F ( 5 ) = 1 1 8 . 4rF (A )= llR ,9  
T F ( 7 ) = 1 1 9 . 2  
TF(8)=113.2  TF(9)=10A.8  
T F n 0 )  = 102.B
ENTER TIMES THAT ABOVE TEMPERATURES WFRE TAKEN 
X(1)=1R.0  
X ( 2 ) = 2 1 . 0  X(3)=2A,0  
X<4)=31.0  X(5)=37.0  X(6)=42.0  
X(7)=47.0  X(8)=53,0  X(9)=59,0  
X (10)=64.0
ENTER VALUE OF F (THERMAL DEATH TIME AT 121 B r G . C )  
E=5
CALCULATE FRACTIONAL STERILISATION RATE Y( I )no 20 1=1,10Y ( I ) =  EXP ( .2303*TF(I) -L0G (F)-27 .8613)20 CONTINUE R/ITS
1 CALL NAG ROUTINE TO FIT POL YNOMIAI TO FRACTIONAL STFRII. ISATIONA/ TIME BATA 
N=.1 0 
REF=0.0 Ml = 9CALL EOSACFCXtYtN,ArMlrRFF)
C INITIALISE FRACTIONAL. STERIL.ISATION FS=0
C UALCULATE FRACTIONAL STERIL.ISATION RATE AT REOUIREB TIME INCREMENTS C ACT) ARE THE COEFFICIENTS OENERATEB FROM NAG ROUTINE 
no 10 Ts.l5r64rl
B A<1>
C = A ( 2 ) * T
n = A ( 3 ) * T * T
E A ( 4 ) * T # T * T
G = A ( r , ) * T * T * T « T
H = A ( 6 ) * T * T * T * T * T
R = A ( 7 ) * T * T * T * T * T % T
R = ACS) * T * T * T * T ) K T * T * T
II = A <9>* T * T * T * T * T « T « T * T
ERR = B+C+B+E+G+H+R+S+U
C CALCULATE FRACTIONAL S T E R I L I S A T I O N  ( F S)  
FS = FS + FSR ■
P R I N T * , T f F S
OK,
10 CONTINUE
STOP 
END
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- X i ^ ( Ü i M 4 & s )
15.0000000000
16 .0000000000
17 .0000000000
18 .0000000000
19 .0000000000
2 0 . 0 0 0 0 0 0 0 0 0 0  
2 1 . 0 0 0 0 0 0 0 0 0 0  
2 2 . 0 0 0 0 0 0 0 0 0 0
23 .0000000000
2 4 .000 0 0 0 0 0 0 025 .0000000000
26 .0000000000
27 .000000000028 .0000000000
29 .0000000000
3 0 .000000000031.0000000000
32 .0000000000  
33. (H)OOOOOOOO
34.0000000000
35 .0000000000
36 .0000000000
37 .0000000000
38 .00000000003 9 .0000000000
40 .0000000000  
41 ,0000000000
4 2 .00000000004 3 .0000000000
4 4 .0000000000
45 .000000000046 .0000000000
4 7 .0000000000
4 8 .0000000000
49 .0000000000
50 .0000000000  
51 .0000000000
5 2 .0000000000
5 3 .0000000000
5 4 .00000000005 5 .0000000000
5 6 . 0000000000
5 7 .00000000005 8 .0000000000
5 9 .0000000000
60 .0000000000  
61 .OOOOOOOOOO 
62 .0000000000
63 .0000000000
6 4 .0000000000
3 . ;i275313<?:l55611-03 
- 3 .4 4 7 0 2 1 503507E-02  
- 8 , 187304683474E-02  
-0 ,1 1 9 2 9 6 7 4 6 1 9 1  
-0 ,1 3 5 4 5 3 8 2 4 6 0 5  
-0 ,1 2 5 3 3 6 7 3 2 0 5 5  
-8 .8 3 8 0 5 5 0 1 0915E-02  
- 2 . 696452305963E-02  
5 ,4 7 8 5 9 2 9 4 4 6 78E-02  
0 , 151932.821218 0 .259428714112  
0 ,372621040223  
0 .487587185708  
0 .601327778541  
0 .711843545963  
0 .818119066239  
0 .920034733880  
1 .01822628724  
1.11390931267  
1.20868424075  
1 ,30433548517  
1 .40263654773  1 .50517111955  
1 ,61317845112  
1 ,72.742954206  
1 .84813901486  
1 ,97491588593  
2 ,10675483171  2 ,24206796759  
2 .37875561244  
2 .51431300217  2 .64596044353  
2 ,77004695859  
2 .88615206960  
2 .98935700521  
3 ,07839527918  
3 ,15183929212  
3,20905435161  
3 .25031427454  
3 .27686355043  3 ,29090988594  
3.2955.298349(3 
3 .29446913241  
3 .29181830191  
3 .29154309790  
3 .29684835880  3 .30935291^ 63  
3 ,32805227838  
3 .34804498172  
3 .35899758639
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APPENDIX 6 
DATA USED IN THE PRODUCTION OF GRAPHS
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Each of the tables refers to one or more graphs shown in the body of the 
text. Where possible the figure number is shown along w ith  the table. In 
some circumstances, tables of data are used fo r more than one figure. In 
which case there w ill be several figure numbers associated w ith  the table.
Page A ssocia ted  F ig u re (s )
332 8 -3
333 3 -1
334 5 -2 , 5 -3 ,  5 -4 , 5 -5
335 9 *3 a ,b ,c
336 9-1
The rest of the data, fo r a ll other figures, can be found either on pages 
337 to 340 inclusive, or are included in Appendix 2 as part of a t-te s t  
analysis (eg figures 3*6 , 3*7, 3 *8 .)
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s a m p l e  4 0ml s a m p l e  40ml  s a m p l e  2 0ml s a m p le  20ml  
w et  w e i g h t  d r y  w e i g h t  w e t  w e i g h t  d r y  w e i g h t  
g r a m / l i t r e  g r  a m / l i t r e  g r  a m / l i t r e  g r a m / l i t r e
2 6 . 0 0 0  4 . 5 0 0  3 6 . 0 0 0  6 . 1 0 0
5 1 . 0 0 0  8 , 8 0 0  4 2 . 0 0 0  7 . 7 5 0
6 6 . 0 0 0  1 1 . 3 0 0  4 2 . 5 0 0  8 . 0 0 0
4 1 . 0 0 0  7 . 0 0 0
r e g r e s s e d  l i n e  5 5 . 0 0 0  9 . 0 0 0
0 . 0 0 0  0 . 0 0 0  6 6 . 0 0 0  1 1 . 7 0 0
7 5 . 0 0 0  1 2 . 8 0 0  7 1 . 0 0 0  1 1 . 5 0 0
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Oxygen and c a r b o n  d i o x i d e  %o2 i n  a i r
l e v e l s  f r om a s t a n d a r d  2 0 . 9 0
E x p e r i m e n t
Time (Mins) 02 («) C02 (%) 02 (%)
0,  00 2 0 . 8 0 0 . 00 0 . 10
6 0 . 0 0 2 0 . 8 0 0 . 00 0 . 10
120 . 00 2 0 . 3 0 0 . 00 0 . 60
180 . 00 20 . 1 0 0 . 14 0 . 80
2 4 0 . 0 0 19 . 60 0 . 8 5 1 . 3 0
3 0 0 . 0 0 19 . 10 1 . 4 2 1 . 8 0
3 6 0 . 0 0 18 . 40 2 . 0 9 2 . 5 0
4 2 0 . 0 0 17 .7 0 3 . 2 1 3 . 2 0
480 . 00 17 . 00 3 . 99 3 . 9 0
540 . 00 15 . 90 5 . 3 8 5 . 0 0
600 . 00 14 . 90 6 .42 6 . 00
6 6 0 . 0 0 13 . 90 7 .77 7 . 00
720 . 00 12 .7 0 9 .37 8 . 2 0
840 . 00 1 1 . 4 0 11 .  00 9 . 50
900 . 00 1 1 . 4 0 1 1 . 1 0 9 . 50
9 6 0 . 0 0 1 1 . 2 0 1 1 . 2 0 9 . 7 0
1020 . 00 1 1 . 1 0 1 1 . 3 0 9 . 80
1080 .00 10 . 80 1 1 . 6 0 1 0 . 1
1 1 4 0 . 0 0 10 . 70 1 1 .  80 1 0 . 2
1200  .00 10 . 60 1 1 . 9 0 10 .3
1 2 6 0 . 0 0 1 0 . 5 0 12 . 00 10 .4
1320  . 00 10 . 60 1 1 . 8 0 10 .3
1380 . 00 10 . 70 1 1 . 7 0 10 .2
1 4 4 0 . 0 0 1 0 . 8 0 1 1 . 6 0 1 0 . 1
1 5 0 0 , 0 0 1 1 .  00 1 1 . 5 0 9 . 9 0
1 5 6 0 . 0 0 1 1 . 3 0 1 0 . 7 0 9 . 6 0
1 6 2 0 . 0 0 1 1 . 9 0 10 . 30 9 . 0 0
1 6 8 0 . 0 0 13 . 50 8 . 1 7 7 . 40
17 4 0 . 0 0 16 . 00 4 . 8 0 4 . 9 0
1 8 0 0 . 0 0 17 . 60 2 . 4 1 3 . 3 0
1 8 6 0 . 0 0 1 8 . 5 0 1 . 2 9 2 . 40
1920  . 00 19 . 00 0 . 7 4 1 . 9 0
19 8 0 . 0 0 19 . 20 0 .43 1 . 7 0
2 0 4 0 . 0 0 19 . 30 0 .27 1 . 6 0
2 1 0 0 . 0 0 19 . 30 0 . 1 8 1 . 6 0
2 1 6 0 . 0 0 19 . 3 0 0 .22 1 . 6 0
2 2 2 0 . 0 0 19 . 30 0 . 1 7 1 . 6 0
2 2 8 0 . 0 0 19 . 3 0 0 .12 1 . 6 0
2340  . 00 19 . 40 0 . 11 1 . 5 0
2400  . 00 19 . 50 0 . 06 1 . 4 0
2 4 6 0 . 0 0 19 . 5 0 0 . 0 5 1 . 4 0
2520  . 00 19 . 5 0 0 . 0 3 1 . 4 0
2580  . 00 19 . 50 0 . 0 4 1 . 4 0
2 6 4 0 . 0 0 19 . 50 0 . 0 2 1 . 4 0
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SET POINT DATA SET POINT OATSET POINT DATA SET POINT DATA
Expe r i men I 6 I oiiias s P-4 50N uni be r Peak Pi),ikg wet IVI. iiiiio !till. VV I' 1 u 13 . 00 6 0.00 12 . 51)4 .00 51 . 50 ! .1. C. 05 .00 47 .00 to . 80
6 . 00 55 . 0 0 I 5 . 2 09 .00 50 . 0 0 1 ;i. 0010.00 50 . 00 11.4011 .00 50 . 00 11 .9012 .00 4 5.00 10.1013,00 4 0.00 1 0 . 5017 . 00 44.00 11.0020 . 00 57 . 50 i I . 0031 .00 4 2 . 50 11.0037 . 00 59 . 50 I 1 .20
38.00 53 . 00 17.1039 .00 57 . 50 10.6041 . 00 55 . 50 C . 8042.00 52 . 50 7.3044 . 00 58 . 00 3.5045.00 53 . 00 7.7046.00 50. 00 7 . 8047 .00 58.00 13 . 9048.00 58 . 50 22 . 9049.00 63 . 00 19 . 1050.00 68 . 0 0 22 . 9051.00 65 . 00 21.30
Sum 1349.00 316.70Standard D e v . 6 . 90 4 .85Mean 53 . 96 12.67
TIME PROP ILE D.ATA
Exper imen t B i oinass P-450Nunibe r Peak Peakg wet wI/ n m o 1/glitre we I w t
7.00 50 . 00 10.308.00 45.00 10.8014 .00 45 . 00 9.0015.00 46.50 11 .0016 .00 51. 00 7.30.19.00 46 . 50 1 1 .2021 .00 54 .50 10 .3022 .00 43 . 50 12.10
23.00 48 . 00 12 . 50
24.00 44 .00 11.20
25.00 47 . 50 4.40
26.00 50 . 50 4 . 2027.00 42.00 4.8028.00 40.00 7.0029 .00 37 ,50 5.1030 .00 43 .00 11.0040 .00 55.00 7 .0043,00 53 . 50 6.70#2.00 65.00 21.0053.00 66.00 23.5054.00 63 . 00 22.3055.00 64 . 50 22.0056.00 62.00 20 . 1057 .00 63.00 23 . 90
Sum 734.50 14 2.20Stan’dard Dev 4.22 2.85
Mean 45.91 8.89
Filtered exp t s
Exper iment Bi omasa P-450Number Peak Peakg wet wl/ n m o 1/slitre wet w t
.201.00 61.00 22.10
202.00 59 . 00 19.20203.00 58.00 20.10
P-450 Ba I cl) Time, in Percentage PercentageP b a k Number Autoclave of maximum of maximumriiiiù 1 / 1 of y eas I at I 3p s 1 Cy toohrome yeast•JXI r ill-1 \E/Pep 1/5 a 1 I P-450 b i omas s7 50 . 00 2 26 12359 72.00 80. 13% 100.00%(\ 03.4 0 2 26 123 59 88 .00 100.00% 85.83%307.60 29 1 12 576 65 . 00 71.05% 81 .74%83 0.00 291 1257 6 88.00 100.00% 9 5.6 5%6 5(1. 0 0 29 1 12 576 74 . 00 85. 53% 36.96%5 7 0.00 291 1257 6 63 . 00 75.00% 86.96%.595.00 291 12576 65.00 78.29% 8 6.9 6%4 5 4. 50 291 12576 55 . 00 66.45% 78.26%1211.00 29 1 1257 6 6 1 . 00 69.08% 69 . 57%4 8 4.00 291 12 57 6 60 . 00 72.37% 76.52%687 .00 29 1 12 576 70.00 7 6.3 2% 100 . 00%4 67.50 085 13423 52.00 64.33% 71.4 3%666.40 085 13423 60 .00 65.50% 100.00%906 . 30 085 13423 83 .00 100.00% 89.08%809.50 085 13423 51 .00 61.99% 96.64%3 7 7.40 216 113 6 9 75.00 87.18% 95.69%383.25 216 113 6 9 85 .00 93.59% 90.52%203.00 216 11369 35.00 44.87% 100.00%446 . 60 216 11369 89 .00 9 8.7 2% 100.00%390.00 216 11369 85.00 100.00% 86.21%806.20 301 688A 50.00 60.70% 85.29%1339.65 301 688A 82.00 100.00% 86.03%1203 . 30 301 688A 72.00 83.41% 92.65%1 557 .20 301 688A 81.00 100.00% 100.00%1384.50 301 688A 81.00 93.01% 95.59%
17478.30 1740.00 2027 . 50% 2237.56%339.43 14.01 15.54% 8.92%699. 1 3 60.60 81.10% 89.50%
ME PROFILE DATA TIME PROFILE DATA
P-450 Batch Time in Percentage PercentagePeak Number Autoclave of maximum of maximumnmo t/1 of yeast at 15psi Cytochrome yeastextract YE/Pept/Salt P-450 biomass
515.00 226 12359 81 .00 95.37% 100.00%486.00 226 12350 82.00 1.00.00% 90.00%405 .00 291 12576 60.00 70.31% 82.57%51 1 .50 291 12576 65 .00 85.94% 85.32%372.30 291 1257G 55.00 57.03% 93.58%320.80 291 12576 76 .00 87.50% 85.32%5 61.35 291 12576 73.00 80.47% 100.00%526.35 291 12576 89.00 94.53% 79,82%
800.00 291 12576 81 . 00 97.66% 88.07%492.80 291 12576 76.00 87.50% 80.73%209.00 085 13423 45.00 40.00% 94.06%
212 . 10 085 13423 49.00 38.18% 100.00%
201 .60 085 13423 30.00 43.64% 83.17%280 .00 085 13423 58.00 63.64% 79.21%191.25 085 13423 42.00 46.36% 74.26%473.00 085 13423 70.00 100.00% 85.15%385.00 216 11369 78,00 100.00% 100.00%358.45 216 11369 77.00 95.71% 97.27%1365.00 301 688A 79.00 87.87% 98,48%1551.00 301 688A 80.00 98.33% 100.00%1404.90 301 688A 84.00 93.31% 95,45%1419 .00 301 688A 79.00 92.05% 97.73%1246.20 301 688A 83.00 84.10% 93.94%1505.70 301 688A 88 .00 100.00% 95.45%
6558.05 1041.00 1188.13% 1401.25%139.63 15.29 22.18% 7.76%
409 .88 65.06 74.26% 87.58%
P-450 Peak nmol/I
1348 . 10
1132.80
1165.80
Batch Number 
of yeast extract
70617.00 
70617 .0070617.00
Time in A u t o c 1ave 
at ISpsi YE/Pept/SalI
0 . 0 0  
0 .00  
0 . 0 0
Percentage Percentage 
of maximum of maximum 
Cytochrome yeastP-450 biomass
100. 00%
8 6 . 88%00.95%
1 0 0 . 00%
96.72%95.08%
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